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PREFACE 


Progress  in  the  development  of  radar  systems  stems  from  a number  of  contributory  factors.  For  example,  the  avail- 
ability of  new  devices  offers  greater  reliability,  lower  cost  and  reduced  space/weight  demands.  Another  contributory 
factor  is  the  application  of  new  techniques  such  as  digital  methods  of  signal  processing  and  data  handling.  Some  advances 
are  made  possible  by  a better  understanding  of  fundamentals,  while  the  need  for  operation  in  a complex  radar  environ- 
ment, including  countermeasures,  is  an  increasingly  significant  influence  on  system  design.  The  capability  of  radar  may 
be  extended  by  exploiting  little-used  parts  of  the  electro-magnetic  spectrum  and  from  time  to  time  radically  new  system 
concepts  emerge. 

In  May  1970,  an  AGARD  Symposium  entitled  “Advanced  Radar  Systems"  was  held  in  Istanbul,  Turkey.  The  object 
of  the  1976  Symposium  was  to  bring  together  scientists  and  engineers  concerned  with  all  aspects  of  modern  radar 
research  and  development  in  order  to  review  progress  in  the  intervening  years  and  to  discern  the  major  influences  on  radar 
system  design. 

In  planning  the  1976  Symposium  the  Programme  Committee  decided  not  to  emphasise  antenna  and  display  tech- 
niques as  these  topics  were  covered  by  AGARD  Symposia  in  1972  and  1975  respectively. 

The  programme  was  arranged  in  five  sessions  covering: 

Devices  and  Modules, 

Radar  Techniques, 

Target,  clutter  and  propagation. 

Simulation  and  detection  theory, 

New  systems  and  concepts. 

The  papers  in  the  Proceedings  are  grouped  in  the  same  way. 

Session  I opens  with  a review  (Paper  I)  of  the  state  of  development  of  solid-state  amplifiers  and  oscillators,  which 
have  now  been  developed  to  the  point  where  they  are  meeting  the  transmitter  requirements  of  low-power  radars.  Papers 
2 and  3 describe  inexpensive  low-noise  amplifiers  which  offer  the  system  designer  a wider  choice  of  performance  level  in 
relation  to  cost.  Papers  4 and  5 emphasise  the  continuing  development  of  high  power  amplifiers  such  as  TWTs  and 
klystrons,  which  clearly  remain  dominant  in  their  field.  Significant  developments  of  high-power  PIN-diode  phase-shifters 
are  described  in  Paper  6 while  Paper  7 describes  some  novel  ideas  in  reviewing  a wide  range  of  millimetre-wave  compo- 
nents. Paper  8 surveys  the  use  of  surface-acoustic  wave  devices  in  radar  systems  and  emphasises  the  variety  of  capabilities 
which  these  components  now  offer.  Paper  9 effectively  complements  this  treatment  of  SAW  technology  by  describing  a 
particularly  interesting  form  of  surface-wave  analog-memory  correlator  and  by  presenting  some  of  the  design  techniques 
used  in  advanced  forms  of  these  devices.  The  Session  closes  with  two  papers  on  new  developments  in  doppler  filtering 
Paper  10  is  concerned  with  serial  analog  memories  in  MTI  while  Paper  1 1 discusses  the  design  of  a real-time  Fast  Fourier 
Transform  processor,  and  is  an  illustration  of  the  impact  of  digital  techniques  on  complex  signal-processing.  Although 
not  covered  specifically,  this  Session  revealed  the  importance  of  high  performance  analog-digital  converters  and  the 
potential  of  combining  CCDs  with  SAW  devices  in  order  to  extend  the  use  of  the  latter  to  lower  frequencies. 

Session  2 covers  a wide  range  of  radar  techniques  and  opens  with  a presentation  (Paper  12)  of  the  value  and  capabi- 
lity of  digital  techniques  in  signal  manipulation  prior  to  display,  including  scan-conversion.  Another  important  applica- 
tion of  digital  techniques  is  that  of  clutter  cancellation  and  MTI  in  surveillance  radars  and  this  is  emphasised  in  Papers 
1 3 and  1 4,  while  Paper  1 8 describes  valuable  improvements  to  design  methods  for  digital  MTI  cancellers  used  with 
staggered-prf  radars.  Paper  15  reports  encouraging  progress  on  the  well-known  problem  of  tracking  air  targets  at  low 
elevation  angles.  Radar  imaging  is  dealt  with  in  Papers  16  and  17  which  present  methods  based  upon  doppler  processing. 
Papers  19,  20  and  21  deal  with  plot  extraction  and  tracking,  where  the  influence  of  rapidly  developing  computer  techno- 
logy is  manifest  and  the  use  of  adaptive  techniques  is  a clearly  apparent  trend.  In  maritime  radars  the  problem  of  false 
alarm  control  is  particularly  acute  and  the  effectiveness  of  ‘non-parametric’  threshold  setting  is  well  illustrated  in  Paper 
22.  The  technique  of  sidelobe  suppression  is  finding  application  in  ground-based  surveillance  radars  for  clutter  and  inter- 
ference rejection.  Its  potentialities  and  limitations  have  been  thoroughly  studied  and  are  reviewed  in  Paper  23.  The  two 
papers  which  conclude  this  Session  relate  to  secondary  radar.  Some  interesting  experimental  results  on  the  application 
of  phase-comparison  monopulse  to  improve  azimuth  measurements  are  presented  in  Paper  24  while  Paper  25  quantifies 
the  severity  of  interference  problems  in  a dense  environment. 

Session  3 deals  with  targets,  clutter  and  propagation.  Relatively  few  abstracts  were  submitted  and  only  two  papers 
could  be  presented.  The  first  of  these,  Paper  26,  should  be  of  value  to  designers  of  satellite  radars  as  it  presents  some 
interesting  results  from  a satellite-borne  radar  over  North  America,  Brazil  and  the  oceans.  Paper  27  deals  comprehensively 
with  a sea-clutter  model  for  the  North  Atlantic  and  with  target  characteristics.  It  is  a highly  significant  contribution 
towards  the  ultimate  aim  of  a unified  clutter  model. 

Session  4 covers  simulation  and  detection  theory,  there  being  two  papers  on  each  topic.  Papers  29  and  32  deal  with 
simulation;  the  first  emphasising  radar  environment  simulation  while  the  second  is  concerned  with  tracking  a scintillating, 


hr 


glinting  target  in  multipath  conditions.  Both  papers  are  valuable  in  highlighting  the  significance  and  power  of  simulation 
techniques  in  system  design.  Papers  30  and  31  deal  with  detection  theory.  The  first  analyses  the  possibility  of  employing 
adaptive  polarisation  to  discriminate  target  from  background,  while  the  second  describes  improved  methods  of  calculating 
the  detection  probability  of  fluctuating  signals. 

The  Proceedings  conclude  with  Session  S in  which  new  systems  and  concepts  are  reviewed  in  eight  wide-ranging 
papers.  Paper  33  opens  the  Session  with  an  impressive  illustration  of  the  extension  of  coherent  radar  techniques  to  the 
infra-red  part  of  the  spectrum,  drawing  attention  to  the  differences  which  arise  in  system  design  concepts.  Paper  34  deals 
comprehensively  with  the  potentialities  of  laser  radar.  At  the  shorter  wave-lengths  propagation  characteristics  are  parti- 
cularly important  and  this  gave  rise  to  some  discussion  at  the  Symposium.  The  point  is  emphasised  in  Paper  35,  on  a 
millimetre-wave  tracking  radar.  Phased  array  radars  are  gradually  becoming  more  numerous  and  Paper  36  exemplifies 
system  and  performance  aspects  of  a phased-array  radar  with  automatic  phase  adjustment.  An  unusual  application  of 
radar  is  described  in  Paper  37,  which  is  concerned  with  radar  images  of  objects  in  space.  Paper  38  deals  with  a mono- 
pulse array  antenna  with  independent  elevation  beam-scanning.  Airfield  ground-movement  monitoring  is  an  unusual 
aspect  of  secondary  radar  and  Paper  39  describes  experimental  work  which  has  demonstrated  its  feasibility.  Paper  41 
concludes  the  Session  with  an  indication  of  the  way  in  which  a number  of  modern  techniques,  including  a microprocessor 
and  liquid-crystal  display  are  combined  in  an  all  solid-state  radar  for  wind  measurement. 

The  papers  and  subsequent  discussions  clearly  indicate  the  ways  in  which  the  capability  of  radar  is  being  extended 
and  draw  attention  to  a number  of  significant  trends.  In  the  field  of  radar  components  and  sub-systems,  steady  progress 
can  be  observed  on  a wide  front  with  some  microwave  elements  displaying  novel  and  ingenious  design  concepts.  These 
developments  offer  considerable  benefits  in  the  performance  and  reliability  of  radar  systems.  Digital  technology  is  having 
a major  impact  on  signal  processing.  However  analog  signal  processing  techniques,  based  on  surface-acoustic  wave  and 
charge-coupled  devices,  are  also  advancing  impressively.  It  seems  clear  that  digital  and  analog  techniques  will  continue 
to  be  complementary  in  the  field  of  signal  processing.  In  data  handling  and  displays,  the  powerful  influence  of  digital 
technology  and  computers  has  been  augmented  by  the  arrival  of  the  microprocessor.  Rapid  advances  in  digital  techno- 
logy are  motivated  by  strong  commercial  incentives  and  radar  is  deriving  great  benefit  from  this,  particularly  in  military 
applications.  In  the  understanding  of  target  and  clutter  characteristics  and  in  the  improvement  of  detection  theory, 
progress  is  steady  rather  than  dramatic.  In  these  areas,  refinements  rather  than  radically  new  concepts  are  to  be  expected. 
The  extent  to  which  radar  systems  and  their  environment  can  now  be  simulated  by  computer  techniques  offers  a power- 
ful method  of  evaluating  and  optimising  system  design,  with  consequent  savings  in  time  and  cost  of  development.  This 
is  seen  as  an  expanding  field  of  activity.  There  is  continuing  interest  and  progress  in  phased-array  techniques  and  the 
number  of  applications  is  increasing,  particularly  when  electronic  scanning  is  combined  with  mechanical  scanning. 
However  the  cost  of  full  electronic  scanning  for  3D  radars  is  still  preventing  its  widespread  application.  While  impressive 
technical  developments  are  facilitating  the  exploitation  of  the  higher  frequencies  of  the  radar  spectrum,  the  limits  of 
system  performance  are  being  dictated  largely  by  atmospheric  propagation  characteristics.  After  several  decades  of 
intensive  development  of  radar  systems  it  is  noteworthy  that  advances  in  many  specialised  areas  are  enabling  a high  rate 
of  overall  progress  to  be  maintained. 

The  lively  verbal  exchanges  at  the  Symposium  supplemented  by  subsequent  written  contributions,  have  provided 
much  discussion  material.  Consequently  the  record  of  the  discussion  period  has  been  inserted  in  the  Proceedings 
immediately  after  the  relevant  Paper.  Discussion  has  been  recorded  in  the  languages  used  at  the  time,  so  that  the 
specialist  reader  may  have  direct  access  to  the  original  statements. 


C.W.COOPER,  Program  Chaiman 
K.G.CORLESS,  Editor 
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SOLID  STATE  MICROWAVE  AMPLIFIERS  AND  LOCKED  OSCILLATORS 


FOR  COHERENT  RADAR  TRANSMITTERS 


I.W.  Mackintosh,  P.W.  Braddock,  M.  Dixon,  R.  Genner  and  R.J.  Royds 
Royal  Radar  Establishment 
Malvern,  Worcestershire 
United  Kingdom 


SUMMARY 


This  paper  gives  an  account  of  work  directed  at  providing  a range  of  solid-state  components  for 
various  types  of  coherent  radar  transmitter.  The  emphasis  is  on  transmitter  operation  in  the  region  8 to 
10  GHz,  and  the  components  considered  are  IMPATT  diode  amplifiers,  and  TRAPATT  diode  and  LSA  diode 
oscillators.  These  components  may  be  considered  for  use  as  driver  stages  to  tube  output  stages  or  as 
transmitters  in  all  solid-state  radars.  The  paper  examines  the  potential  role  and  present  status  of  each 
of  these  devices  and  describes  their  performance  in  terms  of  parameters  relevant  to  radar  transmitter 
operation . 

Results  are  presented  on  IMPATT  amplifiers  with  up  to  6W  CW  power  output  and  up  to  20W  peak 
power  output  over  4 us  pulses,  TRAPATT  oscillators  capable  of  10W  peak  power  output  over  5 us  pulses  with 
high  efficiency,  and  LSA  oscillators  with  100W  peak  power  output  over  250  ns  pulses. 

1 . INTRODUCTION 


The  point  has  been  reached  where  designers  of  radar  systems,  as  a matter  of  course,  need  to 
examine  solid-state  solutions  for  components  in  their  transmitters.  This  is  particularly  the  case  with 
radars  for  which  all-solid-state  transmitters,  and  hence  all-solid-state  systems  are  now  possible.  It 
will  be  seen,  from  results  presented  in  this  paper,  that  all-solid-state  solutions  are  possible  in  the 
band  8 to  10  GHz  for  CW  output  powers  and  mean  output  powers  of  the  order  of  watts.  A more  exact  estimate 
of  the  power  available  is  dependent  upon  the  choice  of  device  which  in  turn  is  dependent  upon  choice  of 
waveform,  poise  length  and  duty  cycle.  This  is  discussed  in  more  detail  below. 

The  standard  advantages  claimed  for  solid-state  microwave  components  are  those  of  small  size,  low 
weight,  low  cost,  high  reliability  and  compatibility  with  microwave  integrated  circuit  technology.  Low 
voltage  operation  and  absence  of  heaters  are  additional  advantages.  Small  size  and  low  weight  solid- 
state  transmitters  are  being  realized  by  the  engineering  of  components  using  diodes  mounted  in  miniature 
coaxial  cavities,  followed  by  the  development  of  integrated  transmitters  using  microstrip.  Low  cost  is 
expected  to  result  from  for  example  the  adoption  of  thick  film  on  alumina  technology.  High  reliability 
is  being  actively  pursued  by  device  manufacturers  paying  attention  to  device  contact  metallization  giving 
enhanced  median-time-to-failure  performance. 

2.  PEAK  POWER  AND  MEAN  POWER 

It  is  important  to  distinguish  between  best  laboratory  performance  and  the  performance  of 
developed  components.  A developed  component  is  one  which  not  only  meets  requirements  with  respect  to 
power  and  efficiency  (primary  parameters)  but  also  with  respect  to  specifications  in  regard  of  so-called 
secondary  parameters  such  as  bandwidth,  phase  linearity  with  frequency,  rise  time,  etc.  The  component 
will  also  be  required  to  work  over  a temperature  range  and  may  be  subject  to  other  environmental 
conditions . 

The  power  output  of  a developed  component  is  less  than  the  best  laboratory  device  performance  on 
account  of  a number  of  factors.  The  material,  structure  and  heat  sinking  of  the  best  laboratory  device 
will  not  be  consistently  reproduced  in  the  developed  devices.  The  requirement  to  work  over  a temperature 
range  couplel  with  a specification  on  a minimum  value  of  median-time-to-failure  means  that  a ceiling  is 
placed  on  device  temperature,  and  this  will  limit  the  output  power.  With  pulsed  devices,  the  simultaneous 
specification  of  pulse  length  and  duty  cycle  will  reduce  the  peak  power  available  - this  is  particularly 
evident  with  the  LSA  device.  Additionally,  the  more  exacting  are  the  secondary  parameter  specifications, 
the  greater  is  the  reduction  in  developed  performance. 

Table  1 lista  IMPATT,  TRAPATT  and  LSA  devices  used  in  the  programme,  together  with  their  origin 
and  oscillator  performance.  The  data  in  the  table  refers  to  the  performance  of  developed  devices  except 
where  otherwise  indicated. 


* 
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TABLE  1 

OSCILLATOR  PERFORMANCE  ~9.5  GHz 


DEVICE 

STRUCTURE 

FIRM 

POWER 

OUTPUT 

W 

EFFICIENCY 

2 

GaAs 

IMPATT 

SD 

UNIFORM  DOPING 

PLE3SEY(1) 

1.5 

12 

CW 

GaAs 

IMPATT 

READ 

STL(1) 

3 

2 

15 

24 

\cw(2) 
S 9 GHz 

Si 

IMPATT 

SD 

UNIFORM  DOPING 

MICROWAVE 

ASSOCIATES 

1 

5 

CW 

Si 

IMPATT 

DD 

HEWLETT 

PACKARD 

3 

10 

CW 

Si 

IMPATT 

DD 

HEWLETT 

PACKARD 

10 

10 

PULSED 
252  DUTY 
5 us  PULSE 

Si 

TRAPATT 

PLESSEY(1) 

12 

35 

8.5  GHz 
PULSED  O) 

GaAs 

LSA 

STL(1) 

100 

10 

PULSED 
250  ns 
0.22  DUTY 

(1)  Devices  supplied  under  CVD  contract 

(2)  Device  research  result 

(3)  Device  research  result,  Purcell  et  al,  1975. 
SD  * single  drift,  DD  • double  drift. 


Figure  1 shows  the  peak  power  performance  plotted  against  duty  cycle,  including  CW  data  along  the 
1002  ordinate.  Figure  2 shows  the  data  recast  as  mean  power  versus  duty  cycle.  For  comparison,  data  on  a 
comae rci ally  available  pulsed  Gunn  diode  working  at  12  duty  cycle  is  also  shown.  The  efficiency  shown  for 
the  GaAs  LSA  is  for  an  overall  efficiency  of  a complete  transmitter  module.  The  efficiency  shown  for  the 
TRAPATT  is  a projected  developed  efficiency. 

The  classification  of  device  performance  on  the  basis  of  duty  cycle  allows  the  identification  of 
the  roles  of  the  devices  in  regard  of  the  type  of  transmitted  waveform. 

The  simplest  scheme  is  to  use  a pulse,  without  additional  in-pulse  modulation,  of  a duration 
appropriate  to  the  desired  range  resolution.  LSA  devices  are  attractive  in  this  respect  in  that  they 
provide  high  peak  powers  over  short  pulses  (up  to  about  0.5  us).  Mean  powers  for  developed  transmitter 
modules  are  up  to  about  300  mW.  However,  it  is  clear  that  in  its  present  form  the  LSA  device  is  of 
lower  mean  power  and  lower  efficiency  than  the  best  of  its  competitors. 

Higher  mean  power  is  obtainable  from  higher  duty  cycle  devices  TRAPATT s and  double  drift  IMP ATT s (10  to 
252  duty  cycle),  coupled,  in  the  case  of  TRAPATT  devices,  with  high  efficiency.  Good  range  resolution 
will  be  possible  with  long  pulse  (>5  us)  operation  and  pulse  compression.  However  this  will  be  at  the 
expense  of  an  increase  in  minimum  range,  which  may  be  unacceptable.  This  problem  may  be  circumvented  by 
use  of  a shorter  pulse  with  reduced  mean  power  for  short  range,  but  with  added  system  and  operational 
cosq>lexity . 

CW  operation  gives  good  power  performance  and  can  take  advantage  of  high  efficiency  IMPATTs . The 
problems  associated  with  thermal  transients  are  avoided  and  the  need  for  a pulse  modulator  is  eliminated. 
Dual  antennas,  however,  are  probably  always  required  at  transmitter  power  levels  of  a few  watts,  and,  if 
linear  FM  is  used,  control  of  the  linearity  of  the  modulation  can  prove  to  be  difficult. 

An  alternative  to  CW  operation  is  interrupted  CW  (~502  duty  cycle)  in  order  to  avoid  the  dual  antenna 
problem;  a reduction  in  efficiency  compared  to  CW  operation  will  result  if  the  transmitter  is  allowed  to 
consume  power  continuously. 

All  four  types  of  waveform  need  to  be  considered  by  the  system  designer,  and  there  is  no  general  a priori 
reason  to  eliminate  any  of  them.  In  the  authors'  opinion,  bearing  in  mind  efficiency  and  mean  power 
performance,  and  also  the  use  of  surface  acoustic  wave  pulse  compression  filters,  the  advantage  presently 
lies  with  long  pulse  operation  of  IMPATT  and  TRAPATT  devices. 
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3.  COHERENT  TRANSMITTERS 

A feature  of  a coherent  radar  system  is  the  generation  of  a signal  at  a low  power  level  and  which 

carries  a reference  phase  embedded  in  the  modulation  on  the  signal,  and  to  add  power  to  this  signal  in 

the  transmitter.  With  solid-state  devices,  this  power  addition  may  be  achieved  with  either  a stable 
amplifier  or  with  a locked  oscillator.  IMPATTs  and  TRAPATTs  may  be  operated  in  either  configuration,  and 
LSA  devices  may  be  used  as  locked  oscillators. 

Data  on  the  bandwidth  performance  of  IMPATT  amplifiers  is  given  in  the  next  section  - it  will  be 
seen  that  bandwidths  up  to  3 GHz  are  possible  (with  dynamic  ranges  up  to  6 dB)  LSA  locked  oscillators 
have  bandwidths  of  about  200  MHz  with  gains  of  about  8 dB.  TRAPATT  locked  oscillators  have  bandwidths  of 

about  100  MHz  at  10  dB  gain,  and  TRAPATT  amplifiers  have  bandwidths  of  up  to  ~500  MHz. 

With  simple  pulsed  oscillator  transmitters,  a significant  transmitter  parameter  is  the  in-pulse 
chirp,  ie . the  change  in  frequency  during  the  pulse  due  to  a change  in  device  temperature  or  bias  with 
time.  With  the  pulsed  amplifier  or  locked  oscillator  changes  in  device  temperature  or  bias  result  in  a 
change  in  output  phase  with  respect  to  the  input  phase.  Control  of  this  variation  is  important  with 
their  use  in  pulse  compression  systems,  in  coherent  radars  with  I and  Q receiver  output  channels  and  in 
transmitting  arrays  of  solid-state  components.  Arrays  may  be  considered  as  a means  of  combining  the 
outputs  of  a number  of  devices,  as  in  phased  arrays,  or  in  transmitting  arrays  with  array  signal 
processing  in  which  the  array  is  used  to  tailor  the  transmit  antenna  polar  diagram. 

Due  to  the  sensitivity  of  the  free-running  frequency  to  temperature  and  bias,  phase  stability 
could  be  a serious  problem  for  the  LSA  locked  oscillator.  Results  presented  later  in  the  paper  will  show 
that  good  phase  stability  may  be  achieved  in  developed  LSA  transmitters  by  compensation  for  temperature 
changes  and  using  stable  bias  pulses. 

TABLE  2 

Single  Stage  single  diode  IMPATT  amplifiers 


Device 

Frequency 

GHz 

Power 

Output 

W 

Bandwidth 
(-1  dB) 
MHz 

Efficiency 

Z 

Gain, 

(saturation) 

dB 

Gain, 

small 

signal 

dB 

Silicon 

SD 

10.0 

0.6 

420 

5 

6 

>16 

Silicon 

DD 

9.0 

3.4 

900 

12 

6 

11 

GaAs 

SD 

10.0 

1.3 

520 

12 

6 

>16 

GaAs 

READ 

7.8 

2.8 

140 

21 

6 

>16 

Silicon 

DD 

(PULSED) 

4 us,  2%  duty 

9.6 

12 

1,500 

10 

6.5 

>16 

SD  * single  drift 

DD  • double  drift 

4.  IMPATT  AMPLIFIERS 

Table  2 summarizes  the  performance  obtained  with  single  stage,  single  tuned,  single  diode  coaxial 
amplifiers  using  diodec  whose  origin  is  specified  in  Table  1.  It  can  be  seen  that  the  largest  bandwidths 
are  obtainable  with  silicon  double  drift  devices,  see  Figure  3,  followed  by  GaAs  single  drift  CW  devices. 

At  a gain  of  4 dB,  GaAs  single  drift  devices  have  a bandwidth  capability  of  3 GHz.  With  the  Read  device, 

the  limited  range  in  both  bias  and  output  power  over  which  high  efficiency  may  be  achieved  results  in  a 
small  instantaneous  bandwidth  at  the  saturated  output  level. 

In  order  to  increase  the  output  powers  further,  it  is  necessary  to  consider  combining  devices. 
There  are  a number  of  ways  of  combining.  At  the  device  level,  it  is  possible  to  incorporate  a number  of 
mesas  in  the  same  package;  this  is  the  case  for  the  CW  silicon  double  drift  devices  appearing  in  Tables  1 
and  2;  it  is  not  the  case  for  the  GaAs  single  drift  devices  above.  The  next  stage  is  to  combine  packaged 
devices  in  the  same  oscillator  or  amplifier  cavity.  A technique  for  achieving  this  has  been  described 
by  Rucker  (Rucker,  C.T.,  1969).  This  technique  gives  good  combining  efficiency  and  wide  bandwidth  and 
results  ar*  presented  below  on  amplifiers  constructed  using  this  technique.  Finally,  further  power 
addition  may  be  obtained  by  combining  cavities  using  3-dB  couplers  or  Wilkinson  power  combiners. 

The  Rucker  combining  technique  places  diodes  each  end  of  a coaxial  cavity.  Power  is  extracted  at 
the  centre  of  the  cavity  by  a capacitance  coupled  probe.  In  order  to  suppress  an  unwanted  mode,  in  which 
the  diodes  oscillate  in  antiphase,  a resistance  is  placed  at  the  cavity  centre  which  impedes  the  current 
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flow  associated  with  the  unwanted  mode.  Two  diodes  may  be  combined  readily  with  this  technique,  and  four 
diodes  may  be  combined  with  diode  selection  and  careful  circuit  adjustment. 

Table  3 gives  the  performance  of  multidiode  single  stage  IMPATT  amplifiers.  With  the  exception  of 
the  silicon  pulsed  double  drift  result,  which  used  a 3 dB  coupler,  the  results  refer  to  Rucker  combining. 
Figure  4 shows  a photograph  of  the  amplifier  stage  which  combines  four  single  drift  silicon  IMPATTs . 

Figure  3 shows  the  response  of  a 2.6W  CW  amplifier  which  combines  two  GaAs  single  drift  IMPATTs . 

Table  4 gives  the  performance  of  a mulci-stage  silicon  single  drift  IMPATT  amplifier  which 
combines  two  diodes  in  the  penultimate  stage  and  four  diodes  in  the  final  stage.  Two  final  stages  have 
been  combined  to  give  an  output  power  of  13W  CW.  A schematic  of  the  amplifier  chain  is  shown  in  Figure  6. 
This  multi-stage  amplifier  minus  its  final  stage  (ie.  a 2W  CW  amplifier)  has  been  used  in  conjunction 
with  a p-i-n  diode  switch  as  the  transmitter  in  an  airborne  pulse  compression  radar.  The  pulse  length 
was  5 us  and  the  pulse  repetition  frequency  was  16  KHz . The  linear  in-pulse  FM  was  25  MHz;  the  phase 
linearity  and  the  amplitude  ripple  with  frequency  of  the  amplifier  did  not  degrade  the  range  resolution 
of  the  radar.  A range  performance  of  4 nautical  miles  was  demonstrated  in  airborne  trials. 

TABLE  3 


Single  stage  multiple  diode  IMPATT  amplifiers 


Device 

Number 

combined 

Frequency 

GHz 

Power 

Output 

W 

Bandwidth 

(-1  dB) 
MHz 

Efficiency 

X 

Gain 

(saturation) 

dB 

Gain, 

small 

signal 

dB 

Silicon 

SD 

2 

9.5 

2.75 

420 

5 

6 

>16 

4 

9.5 

6.5 

300 

5 

6 

>16 

Silicon 

DD 

2 

10.7 

7.0 

450 

12 

6 

>16 

GaAs 

SD 

2 

8.9 

2.6 

700 

12 

6 

>16 

Silicon 

DD 

(PULSED) 

4 us,  2Z  duty 

2 

9.6 

17 

3,300 

8 

6.5 

10 

TABLE  4 

4-Stage  IMPATT  Amplifier 
MICROWAVE  PERFORMANCE 


P „ (Sat .) 
out 

Gain (Sat.) 
Cain(S.sig.) 


BW(-ldB) 
Phase  Linearity 
Aaplitude  Ripple 
Group  Delay 


AM/PM  (Sat.) 


-1  dB  Cain  Comp. 
Efficiency 


ELECTRICAL  REQUIREMENTS 

Voltage 

Current 


9.6  GHz 
6.3  W 
28  dB 
49  dB 
200  MHz 

♦_  3°  over  30  MHz  band 
<0.2  dB  over  30  MHz  band 
12  nS 
18°/dB 

-8  dB  down  on  Saturation 
4.5  X 


100  V 

1.4  A (Constand  Current) 
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The  volume  and  weight  of  1MPATT  amplifiers  may  be  reduced  by  using  microstrip  construction.  The 
amplifier  equalization  circuit,  bias  network  and  circulator  may  all  be  placed  on  the  same  substrate. 

Table  5 gives  data  on  examples  of  silicon  single  drift  single  stage  thick-film  microstrip  IMPATT 
amplifiers.  The  gain  figures  do  not  include  losses  in  the  circulator  and  bias  network.  With  a completely 
integrated  amplifier,  bias  network  and  circulator  projected  losses  are  1 dB  per  stage.  These  figures 
apply  to  an  integrated  construction  on  alumina  substrates  with  ferrite  discs  inserted  in  the  alumina  to 
form  the  circulators.  Insertion  losses  of  circulators  on  all  ferrite  substrates  have  been  measured  to  be 
0.4  dB  per  pass.  Figure  7 shows  a photograph  of  thick  film  microstrip  components  for  IMPATT  amplifiers. 

TABLE  5 

Examples  of  CV  thick-film  microstrip  IMPATT  amplifiers  at  9.3  GHz  ML70405  diode. 


Input 

Power 

mU 

Output 

Power 

mW 

Gain 

dB 

83 

275 

5.2 

125 

410 

5.2 

170 

500 

4.7 

210 

580 

4.4 

250 

645 

4.1 

5.  rRAPATT  OSCILLATORS  AND  AMPLIFIERS 

The  attraction  of  the  TRAPATT  diode  is  the  high  conversion  efficiency  achievable  with  the  oscilla- 
tor at  frequencies  up  to  about  10  GHz.  Best  efficiencies  exceed  50Z  up  to  about  1.5  GHz,  and  efficiencies 
of  30Z  or  more  have  been  achieved  with  good  reproducibility  at  around  9 GHz  (Purcell  et  al,  1975).  Peak 
powers  at  9 GHz  exceed  10U;  mean  output  powers  of  1U  and  pulse  lengths  of  greater  than  5 us  have  been 
demonstrated  (Purcell  and  Oxley,  1976).  The  mean  power  may  be  exploited  using  pulse  compression  with 
surface  acoustic  wave  compression  filters.  The  use  of  solid-state  devices  in  a pulse  compression  system 
in  the  band  of  interest  with  a pulse  length  of  5 us  has  already  been  demonstrated  as  described  in  the 
section  on  IMPATT  amplifiers. 

It  is  clear  that  for  a pulse  compression  system,  using  linear  FM  for  example,  that  the  TRAPATT 
diode  needs  to  be  incorporated  in  at  least  the  final  stage  of  an  amplifier  chain.  Best  reported 
efficiencies  for  8 to  10  GHz  TRAPPATT  amplifiers  are  up  to  17Z  (Cox  et  al,  1974)  in  coaxial  circuits  and 
10Z  in  microstrip  (Ho  and  Curtice,  1974).  With  both  the  oscillator  and  the  amplifier  a major  drawback  to 
the  full  exploitation  of  the  best  laboratory  8-10  GHz  results  in  developed  components  is  the  lack  of 
proven  circuit  design  techniques.  This  contrasts  with  the  situation  with  IMPATT  circuits.  It  is  clear 
therefore  that  techniques  are  to  be  established  which  allow  the  systematic  design  of  TRAPATT  amplifier 
responses . 

Circuit  aspects  may  be  divided  into  those  associated  with  (a)  the  diode  package  and  its  microwave 
mount  (b)  the  external  oscillator  or  amplifier  circuit.  In  the  case  of  the  diode  mount,  it  is  essential 
that  the  package  and  diode  mount  have  a high  cut-off  frequency  (Mackintosh  and  Royds,  1973)  in  order  to 
allow  passage  of  the  components  in  the  diode's  waveforms  up  to  at  least  the  third  harmonic.  Cut-off 
frequencies  for  diodes  in  AV162  packages  mounted  in  3.5  sra  coaxial  airline  are  around  32  GHz  and  the  best 
laboratory  9 GHz  performance  is  obtained  under  these  conditions.  However,  the  external  circuit  used  for 
maximum  efficiency  contains  a number  of  position-adjustable  low  characteristic  impedance  sections  which 
are  adjusted  for  optimum  performance.  Simpler  oscillator  circuits  have  so  far  achieved  efficiencies  of 
17Z  at  9 GHz,  and  an  example  of  the  construction  of  such  an  oscillator  is  shown  in  Figure  8,  and  a 
photograph  in  Figure  9. 

6.  LSA  TRANSMITTERS 

In  this  section  we  report  on  the  performance  of  GaAs  LSA  transmitter  modules*  which  consisted  of 
a circulator-coupled  Gunn  diode  locked  oscillator  first  stage,  followed  by  a circulator-coupled  LSA 
locked  oscillator  output  stage,  Figure  10.  The  LSA  diode  is  isounted  in  a double-sided  heat  sink  in  a 
pseudo-lumped  circuit,  and  is  operated  in  the  relaxation  oscillation  mode  ( Mun,  J.,  et  al,  1973). 

The  centre  frequency  of  operation  is  9.3  GHz  and  the  output  peak  power  in  the  band  centre  is  95W. 
The  bandwidth  is  200  MHz.  The  transmitter  module  included  the  pulse  bias  modulators  for  the  Gunn  diode 
and  the  LSA  diode.  The  module's  dimensions  were  120  mm  x 120  mn  x 18  on. 

The  module  was  capable  of  being  driven  at  a repetition  frequency  of  8 KHz.  In  the  experiments 
reported  here  it  was  driven  at  4 KHz.  With  this  particular  module,  the  input  pulse  used  was  of  0.5  ps 
duration  (2W  peak  power),  the  Gunn  diode  stage  was  biased  with  a 0.5  ps  pulse  and  the  LSA  diode  was 

biased  with  a 250  ns  pulsa.  The  output  from  the  Gunn  diode  stage  was  10W. 

The  variation  of  peak  power  with  temperature  and  frequency  offset  from  9.3  GHz  is  shown  in 

Figure  11,  and  the  variation  in  insartion  phase  is  shown  in  Figure  12. 

*supplied  by  STL  Harlow  under  a CVD  contract. 
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Th«  module  Incorporated  condensation  for  shifts  in  the  LSA  free-running  frequency  with  temperature 
via  thermistor  control  of  the  bias  voltage  pulse  applied  to  the  LSA  diode.  The  rate  of  change  of 
frequency  with  temperature  was  30  MHz/°C,  and  the  rate  of  change  of  frequency  with  bias  was  28  MHz/V.  The 
change  in  frequency  resulting  from  a change  in  temperature  from  27°C  to  50°C  would  have  been  690  MHz,  and 
with  temperature  compensation  this  was  reduced  to  125  MHz.  This  particular  frequency  offset  was  sufficient 
to  compensate  phase  changes  with  temperature  external  to  the  LSA  locked  oscillator,  resulting  in  an 
extremely  low  variation  of  insertion  phase  with  temperature.  Repeated  measurements  (made  in  order  to 
eliminate  the  effects  of  module  thermal  time  constants  of  about  5 mins)  at  the  band  centre  showed  that  the 
curves  (of  Figure  12)  did  not  deviate  by  more  than  20°  from  coincidence. 

Of  particular  concern  is  the  phase  stability  of  LSA  locked  oscillators,  as  previously  mentioned. 
Measurements  were  made  of  the  in-pulse  phase  variation  at  the  output  of  the  module  as  a function  of  time 
during  the  pulse.  This  was  achieved  by  pulse  modulating  the  output  from  a klystron  with  p-i-n  switch, 
amplifying  with  a TWT  amplifier  whose  output  was  used  to  drive  the  LSA  module.  The  output  from  the 
module  and  a reference  using  a sample  of  the  klystron  output  were  fed  to  a polar  phase  discriminator, 
which  provided  in-phase  and  quadrature  outputs.  These  were  sampled  with  the  gate  of  a boxcar  integration 
system.  In  the  results  presented  below,  the  gate  duration  was  100  ns.  Knowledge  of  the  in-phase  and 
quadrature  variations  allow  the  calculation  of  the  variation  of  the  phase  of  the  module  output  during  the 
pulse. 

Examples  are  shown  in  Figure  13  for  an  earlier  version  of  the  module  for  both  the  Gunn  and  LSA 
stages,  showing  how  the  measured  output  phase  variation  (13(d))  agrees  with  the  sum  of  the  individual 
variations.  A single  parameter  measure  of  the  phase  stability  is  the  rms  phase  deviation  during  the 
pulse.  Figure  19  shows  the  variation  of  the  in-pulse  rms  phase  deviation  as  a function  of  temperature  and 
frequency  offset,  measured  at  the  same  time  as  the  power  and  insertion  phase  data  shown  above.  It  can  be 
seen  than  rms  phase  deviations  of  less  than  10°  can  be  obtained  over  a bandwidth  of  170  MHz  from  0°C  to 
SO  C for  a boxcar  gate  of  100  ns . 
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Fig  1.  Peak  output  power  of  developed  microwave  solid  state  devices  for  the  8 to 
10  GHz  band. 
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Fig  2 


Ha an  output  power  of  developed  microwave  solid  state  devices  for  the  8 to 
10  CHi  band. 
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COMPONENTS  FOR  CASCADING  AND 
IMPATT  DIODE  AMPLIFIERS 
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Fig  7.  Thick-film  microstrip  components  for  9 GHz  IMPATT  amplifiers 
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The  coaxial  cavity  of  a 9 GHz  TRAPATT  oscillator  containing  dielectric 
loading  at  approximately  a quarter-wavelength  from  the  diode,  and  a quarter 
wavelength  sleeve  at  approximately  a half-wavelength  from  the  diode. 
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Fig  9.  Photograph  of  a 9 GHz  TRAPATT  oscillator. 
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Fig  10.  The  configuration  of  the  LSA  transmitter  module. 
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Fig  11.  The  variation  of  peak  power  output  with  frequency  offset  at  0°C,  27°C  and 
50°C  for  the  LSA  transmitter  module. 
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Th«  variation  of  inaartion  phaae  with  frequency  offaet  for  the  LSA 
transmitter  module. 


(a)  LOCKED  LSA  OSCILLATOR 


Fig  13.  Measured  in-pulse  phase  variations  for  locked  Gunn  snd  LSA  oscillators, 
singly  and  in  tandem. 
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Pig  14.  The  measured  in-pulse  rms  phase  deviation  for  the  LSA  transmitter  module 
as  a function  of  frequency  offset  at  0 C,  27  C and  50°C. 
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DISCUSSION 


C HAMILTON: 

I W MACKINTOSH: 

G ROSENBERG: 

I W MACKINTOSH: 

C A VAN  DER  SEEK: 

I W MACKINTOSH: 


A J R WESTBROEK: 


How  large  ia  the  ln-pulae  power  variation  for  the  locked  Gunn  and  LSA  oscillators? 

For  a complete  module  (Gunn  locked  oscillator  followed  by  an  LSA  locked  oscillator) 
a typical  value  of  the  maximum  power  excursion  during  the  centre  125  nS  of  a 250  nS 
pulse  Is  +0.4  dB  with  a sample  gate  of  100  nS.  The  rms  power  devletlon  Is  much 
leas. 

Could  you  say  over  what  range  of  ambient  temperatures  the  quoted  figures  of  output 
power  and  bandwidth  for  Impatt  amplifiers  are  valid? 

The  signal  transfer  characteristics  of  the  Impatt  amplifiers  all  refer  to  a heat 
sink  temperature  of  23°C.  Our  work  has  not  yet  Involved  the  measurement  of  the 
temperature  sensitivity  of  the  amplifiers. 

There  Is  a considerable  difference  between  the  small-signal  and  saturated-gain 
conditions  for  the  amplifiers.  Do  you  have  some  data  on  the  linearity  of  these 
devices? 

The  Impatt  Is  a highly  non-llnear  device  over  its  active  frequency  range  (e  octave). 
The  severity  of  the  non-linearity  is  a maximum  near  to  the  small-signal  cut-off 
frequency  (f#).  For  normal  reflection  amplifier  operation  at  a frequency  - /2fa 

and  small-signal  gain  of  20  dB,  a typical  -1  dB  gain-compression  point  would  be 
-8  to  -10  dB  down  on  the  saturated  output  power.  The  saturated  gain  would  be 
° 7 dB.  A reduction  of  the  small-signal  gain  would  raise  the  -1  dB  compression 
point  at  the  expense  of  a lower  saturated  gain. 

AM/PM  conversion  is  typically  10-20'/dB  at  saturation.  The  bandwidth  of  a single 
tuned  amplifier  Increases  by  a factor  of  c 5 when  driven  from  small  (20  dB  gain) 
to  large  (7  dB  gain)  signal  levels. 

The  group  delay  ia  signal  dependent  and  is  typically  1 nS/50  MHz  for  a single  tuned 
response. 

The  noise  figure  Increases  with  signal  level  from  - 30-35  dB  up  to  - 55  dB  at 
saturation. 

The  nonlinearities  in  the  signal  transfer  characteristics  of  single  and  double-drift 
Si  Impatt  amplifiers  are  similar  and  marginally  less  than  their  GaAs  equivalents. 

The  GaAs  'Read'  Impatt  has  a very  soft  gain  compression  characteristic  but  Is 
accompanied  by  a relatively  small  AM/PM  coefficient  (“  5°/dB). 

What  Is  the  average  reliability  of  the  components  used? 


I W MACKINTOSH:  The  single-drift  GaAs  Impatt  device  was  required  to  have  a median-time-to-failure 

of  greater  than  5000  hours  when  delivering  1.5  W CW  of  output  power  and  mounted  on 
a heat  sink  with  a maximum  temperature  of  50°C.  This  corresponded  to  a device 
temperature  of  about  270°C.  The  specification  was  met. 

Reliability  data  for  the  double-drift  silicon  Impatt  diodes  may  be  found  by 
reference  to  data  supplied  by  the  manufacturer  (see  Table  1 In  the  paper). 

No  reliability  data  Is  available  for  the  LSA  devices. 

K MILNE:  Fig  11  Implies  that  power  output  Increases  If  one  works  away  from  the  centre 

frequency.  How  far  off-frequency  can  one  go? 


I U MACKINTOSH: 


H LITE G: 


I W MACKINTOSH: 


A phenomenon  with  locked  oscillators  Is  that  of  'quenching'.  On  Injection  of 
power  the  output  power  of  the  locked  oscillator  becomes  less  than  that  of  the  free- 
running  oscillator.  The  variation  of  output  power  with  frequency  for  the  LSA 
locked  oscillator  module  shows  that  quenching  Is  more  severe  In  the  centre  than  at 
the  edges  of  the  band.  This  variation  will  be  affected  by  variations  In  the  output 
power  across  the  band  of  the  Gunn  locked-osclllator  driver  stage.  The  maximum 
frequency  offset  Is  determined  by  the  locking  bandwidth,  which  In  this  case  was 
about  200  MHz  (band  edge  to  band  edge) . 

The  phase  variations  of  the  locked  Gunn,  and  LSA,  oscillators  are  too  great  to  be 
used  In  phase-array  systems.  What  la  being  done  to  Improve  phase  stability  and 
what  phase  variations  do  you  hope  to  achieve  In  the  near  future? 

In  making  the  ln-pulse  variation  measurements  we  had  a phaaed-array  application  In 
mind.  The  specification  required  an  rms  phase  error  of  less  than  5*.  Our  measure- 
ments demonstrated  that  the  LSA  transmitter  module  can  achieve  less  than  10°  rms 
error  (with  a sampling  gate  of  100  nS)  over  a temperature  range  from  0 to  50°C.  It 
la  our  Intention  to  relate  the  results  of  sMasurements  on  the  radiation  patterns 
achieved  with  two  swdules  to  the  ln-pulae  stability  In  order  to  state  more  precisely 
what  specification  Is  required  and  how  wall  it  has  been  achieved. 
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A CHEAP  LOW  NOISE  (2.5  dB)  X-BANO  AMPLIFIER 


R.E.  Pearson 

Mullard  Research  Laboratories 
Redhill,  Surrey,  England. 


SUftlARY 


Low  noise  anqilifiers  have  for  some  years  been  production  items  in  the  form  of  paramps,  but  their 
complexity  and  cost  has  severely  restricted  their  ran-e  of  application.  This  paper  discusses  how  thin 
film  techniques  have  been  applied  to  the  design  of  a room  temperature  X-band  amplifier  to  produce  a unit 
which  combines  sinplicity  and  low  cost  with  the  following  performance: 


Frequency 

Gain 

Bandwidth  (3dB) 
Noise  figure 


Low  X-band 
IS  dB 
100  MHz 
2.5  dB  max. 


The  unit  is,  with  the  exception  of  the  Ka  band  Gunn  pump,  constructed  completely  by  thin  film 
techniques;  complete  with  temperature  stabilisation  circuitry  it  measures  60  ran  x 60  mm  x 20  mm  andean 
weigh  as  little  as  200  grams.  Computer  modelling  indicates  the  design  can  be  scaled  over  a frequency  range 
of  at  least  3-10  GHz  without  significantly  modifying  the  configuration.  Bandwidths  up  to  500  MHz  and 
noise  figures  as  low  as  1.9  dB  have  been  achieved. 


The  performance  of  the  amplifier  has  not  been  significantly  compromised  and  the  result  is  a unit 
comparable  in  cost  and  simplicity  of  operation  with  an  X-band  GaAs  MESFET  amplifier  but  having  a lower 
noise  figure.  It  is  considered  that  such  a unit  will  extend  the  potential  application  of  paramps  and  make 
them  available  for  a wide  range  of  system  designs. 


1.  INTRODUCTION 

Lew  noise  parametric  amplifiers  have  been  in  production  for  many  years  but  their  complexity  and  cost 
has  severely  restricted  their  range  of  application.  This  paper  discusses  how  thin  film  techniques  have  been 
applied  to  the  design  of  a room  temperature  X-band  amplifier  to  produce  a unit  with  a maximum  noise  figure 
of  2.5  dB  that  promises  in  production  to  be  cost  competitive  with  FET  amplifiers.  The  design  was  established 
a year  ago  and  a 7.5  GHz  amplifier  is  now  in  the  final  stages  of  development;  noise  figures  as  low  as 
1.9  dB  have  been  achieved  at  this  frequency.  A computer  model  of  the  circuit  has  been  used  successfully 
to  predict  the  performance  of  the  amplifier.  This  model  indicates  that  the  design  can  be  scaled  over  the 
frequency  range  from  3-10  GHz. 


2.  EVOLUTION  OF  THE  CONCEPT 

Paramp  design  has  progressed  through  a number  of  distinct  phases.  Initially  their  performance  was 
unstable.  The  pump  oscillator  wasa  klystron  driven  by  a high  voltage  power  supply  of  poor  stability.  The 
paramp  consequently  earned  a reputation  of  having  an  unreliable  performance.  Significant  improvements  were 
eventually  obtained  by  applying  precision  engineering  with  inevitable  high  cost.  Pump  sources  were  closely 
temperature  stabilised  to  about  1 1 C and  often  the  klystron  was  replaced  by  a transistor  oscillator  and 
frequency  multiplier  chain  (AITCHISON,  et  al,  1968).  The  pump  power  output  was  servo  controlled  to  ensure 
long  term  stability  and  the  noise  figure  of  the  paramp  was  usually  reduced  by  cooling  with  a closed  cycle 
cryogenic  machine  to  20°K.  Using  these  techniques  reliable  broad  band  (500  MHz)  paramps  with  noise 
temperatures  of  less  than  50°K  were  constructed.  Improvements  in  the  quality  of  varactor  diodes  and  the 
evolution  of  high  frequency  fundamental  solid  state  oscillators  has  enabled  this  performance  to  be  maintained 
in  a solid  state  sub-assenbly  operating  close  to  ambient  temperature.  The  concept  of  the  paramp  being  a 
complex  and  costly  system  remained  and  to  achieve  state  of  the  art  performance  a certain  degree  of  costly 
engineering  is  still  necessary,  thus  limiting  production  to  relatively  small  numbers.  Their  state  of  art 
performance  however  now  exceeds  the  requirements  of  many  systems  but  cost  precludes  their  use.  The  question 
ariaes  as  to  whether  a significant  cost  reduction  would  result  by  slightly  relaxing  the  specification. 

A consideration  of  various  systems  indicated  that  a noise  figure  of  between  2.2  - 2.5  dB  would  be 
attractive  for  the  lower  half  of  X-band  compared  to  a state  of  the  art  performance  without  Peltier  cooling 
of  the  varactor  and  circulator  of  between  1.2  - 1.8  dB.  This  performance  relaxation  permits  a significant 
number  of  design  changes.  Firstly,  the  diode  quality  is  considerably  reduced  thereby  increasing  the  device 
yield.  Secondly  the  punp  frequency  may  be  alioost  halved;  the  reduction  in  punp  frequency  eases  the  design 
of  the  paramp  circuit  which  can  be  fabricated  in  microstrip  with  which  excellent  repeatability  is  achieved 
at  lew  cost.  Finally  a microstrip  circulator  can  replace  the  commonly  used  stripline  circulator. 


3.  BASIC  PARAMP  DESIGN 


An  idealised  parametric  amplifier  circuit  is  shown  in  Figure  1.  The  time  varying  capacitance(CCt)) 
is  coupled  to  a circuit  which  provides  the  appropriately  overcoupled  source  resistance  (R  ) and  resonating 
reactance  (X()  at  the  signal  frequency.  It  is  also  coupled  to  a reactance  (X^)  which  8 provides  a 
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conjugate  reactance  at  an  appropriate  idling  frequency.  For  optimum  performance  the  practical  circuit 
should  be  simple.stray  reactance  should  be  minimised  and  signal,  idling  and  pump  energies  should  be 
confined  to  appropriate  regions  of  the  circuit  (Fg,  F.)  (A1TCHIS0N,  et  al.  1967).  Referring  to  Figure  1 
the  basic  expression  for  the  noise  temperature  of  a non-degenerate  paramp  (T  ) at  a physical  temperature 
Td  operating  at  greater  than  15  dB  gain  is  given  by:  aB^> 


T 

amp 


1_ 

P 


(1) 


where  f and  f.  are  the  signal  and  idler  frequencies  respectively.  The  quality  factor  required  from  the 
varactof  diodelin  a paramp  may  be  defined  by: 


(7fc>2  - Vi  (1  + P)  (2) 

where  y capacitance  variation  coefficient  and  fc  is  the  cut  off  frequency  of  the  varactor.  The  overcoupling 
ratio  p is  the  vswr  of  the  unpumped  signal  circuit  at  the  resonant  frequency.  A readily  achievable  figure  of 
merit  (yf  ) for  a varactor  in  a microstrip  paramp,  without  the  need  for  selection  is  40  GHz.  This  is  an 
effective  figure  of  merit  since  microstrip  losses  must  be  added  to  the  loss  of  the  diode.  The  noise 
temperature  T of  an  8 GHz  paramp  is  plotted  as  a function  of  idler  frequency  for  a diode  with  yf  -40  GHz 
in  Figure  2.  am*>  It  can  be  seen  that  there  is  little  advantage  to  be  gained  by  increasing  the  idler 
frequency  above  27  GHz  corresponding  to  a pump  frequency  of  34-37  GHz  for  lower  X-band. 

3.1  The  microstrip  amplifier  circuit 

As  indicated  earlier  the  paramp  signal  circuit  consists  of  an  impedance  transformer  and  an  inductance 
to  resonate  the  varactor,  which  is  also  resonated  at  the  idler  frequency  by  a second  reactance.  In  a micro- 
strip circuit  it  is  essential  to  reduce  dimensions  in  order  to  minimise  loss.  Consequently  a single  quarter 
wave  transformer  was  chosen  to  present  the  required  source  resistance  to  the  diode.  The  signal  circuit 
resonating  element  consists  of  an  inductive  length  of  high  impedance  line  (Figure  3).  To  minimise  cost  a 
novel  packaging  technique  has  been  developed  in  which  the  paramp  circuit  and  the  diode  mount  are  equivalent 
to  a conventional  diode  package.  The  diode  chip  is  bonded  and  alloyed  to  a post  on  a copper  block  (6x3  mm) 
which  supports  the  paramp  circuit.  The  diode  is  wire  bonded  to  the  circuit  and  etched  to  form  the  signal 
resonance  in  a similar  way  to  diodes  that  are  mesa  etched  in  the  package  to  a specific  capacitance.  Mounting 
the  chip  in  this  way  minimises  parasitic  reactance  and  enables  a simple  idler  circuit  to  be  achieved.  The 
idler  circuit  elements  of  diode  capacitance  and  bond  wire  inductance  are  made  series  resonant  with  an  open 
circuited  stub  and  a microstrip  band  stop  filter  is  included  in  the  signal  tuning  inductance  to  confine  the 
idler  energy  to  the  vicinity  of  the  diode.  The  idler  resonant  frequency  may  be  adjusted  by  laser  trimming 
of  the  length  of  the  idler  stub  while  the  paramp  is  operating  (Figure  4).  The  paramp  circuits  are  produced 
on  a 30  x 50  x 0. 3 mm  alumina  substrate;  66  units  are  fabricated  simultaneously  and  subsequently  separated 
using  a diamond  cutter. 


3.2  The  pump  source 

A paramp  requires  a stable  high  Q pump  oscillator.  Although  avalanche  oscillators  offer  higher  power 
and  better  efficiency  than  Gunn  oscillators  their  noise  characteristics  demand  the  inclusion  of  a filter  in 
the  oscillator  output  to  reject  the  F.M.  components  of  oscillator  noise.  The  Gunn  device  does  not  require 
such  a filter  and  is  thus  the  obvious  pump  source  for  a low  cost  paramp.  The  basic  noise  and  stability 
properties  of  the  device  are  modified  by  the  loaded  Q factor  of  the  resonant  circuit  of  the  oscillator. 
Furthermore,  with  care  in  the  design  of  the  paramp  pump  circuit,  pump  oscillators  with  a loaded  Q factor  in 
excess  of  200  avoid  the  need  for  a pump  isolator.  Q-values  as  high  as  this  are  extremely  difficult  to 
achieve  in  microstrip  circuits  because  of  the  inherent  loss.  (Microstrip  has  an  unloaded  Q factor  of 
approximately  200  at  30  GHz).  A high  Q dielectric  resonator  could  provide  the  appropriate  Q factor,  but 

frequency  setting  is  difficult.  On  the  other  hand  waveguide  circuits  with  unloaded  Q factors  in  excess  of 

1000  at  30  GHz  readily  achieve  the  desired  loaded  Q factor  values.  In  this  context  a further  advantage  of 
the  Gunn  is  its  ability  to  generate  power  at  near  optimum  efficiency  into  a wide  range  of  loaded  impedances 
(approaching  10  to  1).  This  enables  the  use  of  a simple  post-coupled  waveguide  cavity  to  define  the 
oscillator  frequency  and  avoids  the  mechanical  complexity  and  associated  high  cost  of  the  alternative  iris 
coupled  configuration.  The  cavity  can  be  mechanically  tuned  over  a 500  MHz  bandwidth  in  Ka  band  (26  to  40  GHz) 
by  a dielectric  screw  Inserted  in  the  cavity.  The  pump  power  is  coupled  directly  to  the  varactor  diode. 

The  paramp  circuit  is  counted  in  a box  section  which  is  designed  to  be  cut  off  at  all  frequencies  below 
46  GHz  which  includes  the  upper  sideband  frequency  (ROBINSON,  G.H.,  1971).  The  diode  is  situated  in  the 
broad  face  of  the  Ka  band  waveguide  and  is  coupled  to  the  guide  by  a simple  transformer  system  (Figure  5) . 

This  system  is  broadband  and  efficient;  it  operates  over  Ka  band  with  pump  power  requirements  as  low  as  6 mW. 

It  has  the  advantage  that  the  high  pass  characteristic  of  the  waveguide  avoids  any  loading  of  the  signal 
circuit  by  the  pump  feed  circuit.  Coupling  direct  from  the  waveguide  to  the  diode  obviates  the  need  for  a 
waveguide  to  microstrip  transition  which  demands  tight  mechanical  tolerances  for  consistent  operation  at  mid 
Ka  band.  The  pump  power  level  that  is  incident  on  the  diode  and  hence  the  amplifier  gain  is  preset  during 
assembly  by  a simple  card  attenuator  in  the  pump  feed  waveguide.  Fine  adjustment  of  the  gain  is  achieved 
by  setting  the  voltage  of  the  Gunn  supply. 

3.3  The  circulator 


The  paramp  is  a reflection  type  amplifier  and  uses  a circulator  to  separate  the  input  from  the  output 
signal.  The  loss  of  the  input  transit  of  the  circulator  contributes  directly  to  the  noise  figure  of  the 
ao^lifier.  Stripline  circulators  offer  a loss  of  less  than  0.1  dB  per  transit,  but  such  circulators  are 
considerably  more  expensive  than  a microstrip  design.  Microstrip  designs  also  demonstrate  excellent 
reproducibi lity, require  negligible  adjustment  on  assembly  and  readily  integrate  with  the  microstrip  paramp 
circuit.  A microstrip  design  is  therefore  used  in  this  amplifier.  Low  cost  is  achieved  with  an  all  ferrite 
substrate  and  losses  are  reduced  by  using  a substrate  thickness  of  1 ram  and  screening  the  circuit.  (NEWTON, 
et  al,  1975). 
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Input  vswr  of  the  amplifier  should  be  less  than  1.4  to  provide  a flat  gain  and  a linear  phase 
response  across  the  operating  frequency  range  when  operating  in  a system.  This  implies  a net  isolation  of 
about  15  dB  which  corresponds  to  a circulator  isolation  of  30  dB  at  15  dB  gain.  In  radar  systems  the 
amplifier  may  be  effectively  short  circuited  during  the  transmit  period  but  the  net  isolation  of  15  dB 
also  ensures  a gain  change  of  less  than  3 dB  during  this  period. 

The  adverse  effects  of  output  mismatches  on  the  gain  frequency  response  are  overcome  by  including 
an  isolator  in  the  output  circuit  of  the  amplifier.  This  isolator  consists  of  a circulator  with  one  port 
terminated  in  a matched  load.  It  is  constructed  on  the  same  substrate  as  the  input  isolator  effectively 
forming  a four-port  circulator.  This  configuration  also  permits  two  parametric  amplifiers  to  be  cascaded 
together  to  achieve  high  gain.  Thus  a four-port  circulator  with  at  least  30  dB  isolation  and  minimum  loss 
on  the  input  port  is  required.  The  performance  achieved  over  a 500  MHz  bandwidth  at  X-band  for  the  micro- 
strip circulator  design  is: 


Isolation 
Insertion  loss 


The  overall  noise  ten^erature  for  the  paramp  (T 


sys 


) 


: 30  dB  minimum  ) 

: 0.25  dB  maximum  j 

including  circulator  is 


per  transit 
given  by: 


T(sys) 


(a 


- 1)  T 

o 


♦ aT 

amp 


where  a is  the  loss  of  the  circulator  at  temperature  T . Referring  to  Figure  2,  and  using  (1)  in  (3) 

T - 164K,  thus  T - 193K  or  2.2  dB. 
amp  sys 


(3) 


3.4  The  integrated  parametric  amplifier  assembly 

The  complete  paramp  assembly  (Fig.6&7)  is  constructed  from  three  separate  units  milled  under 
numerical  control.  The  main  unit  supports  the  circulator  substrate  the  lower  magnets  associated  with  the 
circulator,  and  the  lower  half  of  the  pump  waveguide  with  the  resistive  card  attenuator  used  for  pre-setting 
the  gain.  The  upper  block  completes  the  pump  waveguide  and  retains  the  upper  pair  of  circulator  magnets. 

The  remaining  block  forms  the  oscillator  body.  The  complete  unit  measures  60  mm  x 60  mm  x 20  mm  and  weighs 
200  grams.  Also  contained  in  the  unit  is  a proportional  temperature  controller  to  maintain  gain  stability 
over  an  ambient  temperature  range  of  -20°C  to  55°C.  This  requires  30  watts  maximum  power  and  for  trans- 
portable systems  it  is  unsatisfactory;  an  alternative  system  has  been  develoDed  to  reduce  the  total  power 
requirements  to  that  of  the  Gunn  oscillator  alone.  The  heat  from  the  Gunn  oscillator  is  dissipated  by 
natural  convection  from  the  finned  top  plate  (Figure  8).  The  unit  is  held  away  from  its  mounting  by 
thermally  insulating  spacers.  The  input  and  output  connections  are  3 mm  coaxial  line. 


4.  THE  AMPLIFIER  PERFORMANCE 


The  performance  of  a particular  version  of  the  amplifier  is  sumnarised  below. 


Frequency 

Gain 

Bandwidth  (3  dB) 
ltoi.se  figure 

Input  vswr 

Short  term  gain  (tability 
Long  term  gain  stability 
1 dB  gain  compression 
Operating  temperature  range 
Maximum  safe  spike  leakage 
Power  supply  requirements 


Low  X-band 
15  dB 
125  MHz 

2.5  dB  max. 

2.2  dB  typical 

1.4  max. 

-0.2  dB 
-1  dB 

-20  dBm  (at  the  output) 

-20  to  55°C 

2 x 10 6  7 ; joule,  per  pulse 

5V  1.3  amp  (Gunn  oscillator) 
30  watts  heater 


5.  EXTENDED  PERFORMANCE 

A computer  model  of  the  circuit  has  been  used  to  predict  successfully  the  general  performance  of  the 
amplifier  which  indicates  that  the  design  can  be  realised  over  a frequency  range  of  at  least  3-10  GHz  without 
significantly  modifying  the  configuration.  Methods  of  extending  the  bandwidth  of  parametric  amplifiers 
(HUMPHREYS,  1964,  A1TCHIS0N.C.S.  WILLIAMS ,J . C . , 1969)  are  well  established  and  a bandwidth  of  500  MHz  has 
already  been  achieved  in  a version  of  the  above  amplifier  at  7.5  GHz.  By  selecting  higher  quality  diodes 
noise  figures  a.  low  as  1.9  dB  have  been  measured. 


6.  CONCLUSIONS 


The  article  has  described  a paramp  which  as  a result  of  employing  thin  film  techniques  and  a single 
pump  oscillator  design  is  low  cost.  At  the  same  time  the  performance  has  not  been  significantly  compromised 
and  the  result  is  a unit  comparable  in  cost  and  simplicity  of  operation  with  an  X-band  GaAs  MESFET  amplifier 
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but  achieving  lower  noise.  It  is  considered  that  such  a unit  extends  the  potential  application  of  paramps 
and  makes  these  available  for  a wide  range  of  system  designs. 
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An  idealized  paramp  circuit. 

The  idler  and  signal  circuits  are  coupled  by  the  varactor  diode,  which  is  driven  by  a pump 
signal  to  make  it  behave  as  a time  varying  capacitance  C(t).  (The  pump  circuit  is  not 
shewn).  Loss  in  the  diode  is  represented  by  the  spreading  resistance  Rj.  The  reactance  X 
resonates  the  signal  circuit  at  the  frequency  f , and  reactance  X.  resonates  the  idler  8 
circuit  at  frequency  f..  Bandpass  filters  Fg  and  F-  confine  the  currents  to  the  appropriate 
circuits.  Parametric  amplification  is  achieved  where  f + f.  - f , where  f is  the  pump 
frequency.  sip  p 


15  23  31  39 

fi  (GHz) 


Figure  2.  The  calculated  noise  teiqierature  of  the  amplifier  (T  ) (Equations  1 A 2) 
as  a function  of  idler  frequency  (f.).  amp 

The  noise  contribution  of  the  circulator  is  excluded. 


Figure  3.  The  diode  and  para^p  circuit  'package'. 

The  package  ia  assembled  and  tested  before  inserting  into  the  integrated  unit. 


Figure  4.  Idler  frequency  (f.)  is  plotted  ss  a function  of  the  change  in  length  (At)  of  the  idler  stub. 
The  idler  stub  say  be  laaer  trimned  while  the  paraop  is  operating. 


mm 


The  sketch  shows  the  waveguide  (W.G.)  to  diode  transformer. 

The  diode  protrudes  through  a slot  in  the  broad  face  of  the  waveguide 


W.G.  transformer 


Fosition  for 

Circulator  & Paramp  circuit 


Pump  oscillator 


Figure  6 


Th*  photograph  ahowa  the  three  milled  componenta. 

The  coiqionenta  are  milled  from  aluminium  by  numerical  control 
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Figure  8. 


Pump  at 


Paramp  circuit 


Pump  oscillator 


Circulator 


Figure  7.  The  photograph  shows  the  assembled  unit  with  the  top  removed. 


The  photograph  shows  the  assess  led  unit. 

The  third  coaxial  port,  normally  terminated  by  a matched  load,  can  be  used  for  monitoring 
diode  current. 


j 
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DISCUSSION 


J S HI:  One  of  your  slides  shows  (NF)  x (PRICE)  ss  low  ss  2 dB.  On  another  you  show 

NF  • 2 dB.  Does  It  Imply  that  the  price  Is  one  British  Pound? 

R E PEARSON:  The  slide  mentioned  plotted  the  product  of 

NF  (dB)  x PRICE  (11000' s) 

The  conventional  paramp  and  FET  amplifier  achieve  a similar  product  In  excess  of  3. 
The  MIC  paramp  Is  shown  as  having  a product  between  1.3  and  2.3  which  Indicates  a 
potential  cost  advantage.  Thus,  a mean  product  of  2 and  a 2 dB  NF  suggest  a pries 
of  11000. 

J BRACE:  What  would  the  noise  figure  be  over  a bandwidth  of  500  MHz  at  an  f of  10  GHz? 

R E PEARSON:  I mentioned  during  the  lecture  that  at  present  an  achieved  diode  quality  factor  of 

yf  - 40  GHz  was  chosen  to  avoid  diode  selection.  I also  mentioned  that  diodes 
c 

with  Yf  > 100  GHz  were  available  and  for  10  GHz  operation  the  amplifier  performance 
c 

could  be  maintained  by  selecting  diodes  with  yf^  > 60  GHz  and  pumping  at  42  CHz. 
Increasing  the  bandwidth  to  500  MHz  does  not  significantly  degrade  the  nclse  figure. 

The  amplifier  noise  figure  would  be  maintained  at  a typical  figure  of  2.3  dB  at  a 
maximum  ambient  of  50*C. 

B T NEALE:  Is  there  a problem  with  microphony? 

R E PEARSON:  The  big  advantage  of  mlcrostrlp  compared  to  conventional  coaxial  construction, 

apart  from  Its  low  cost.  Is  Its  freedom  from  variable  contacts.  Tests  on  the  pump 
oscillator  have  Indicated  that  It  Is  also  not  susceptible  to  vibration. 

The  system  Is  more  robust  and  less  sensitive  to  vibration  than  conventional  paramps. 

C B WILLIAMS:  What  are  the  Implications  of  Increasing  the  operating  temperature  range  from  -54*C 

to  +70*C? 

R E PEARSON:  The  MIC  paramp  module  la  temperature  stabilised  10*C  above  the  highest  ambient, 

that  la  80*C  In  this  case.  To  maintain  this  temperature  over  the  range  to  -54*C 
would  approximately  double  the  present  power  consumption  to  nearly  100  watts. 
Although  the  Gunn  diode  Is  suitable  for  a pin  temperature  up  to  90*C  continuous 
operation  at  80*C  would  degrade  Its  MTBF.  The  noise  figure  would  Increase  by  not 
more  than  0.1  dB. 
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RESUME 


Grace  a une  methode  originale  d ' autoalignement  de  la  grille  d'un 
transistor  a effet  de  champ  a l'Arseniure  de  Gallium,  nous  avons  pu 
obtenir  un  produit  de  haute  performance  et  ne  presentant  pas  de  derive. 

Ces  transistors  nous  ont  permis  de  realiser  un  amplificateur  avec  un 
facteur  de  bruit  inferieur  a 6 db  et  un  gain  de  30  db  a + 1 db  sur 
750  MHz. 

La  conception  et  la  realisation  de  cet  amplificateur  sont  decrites. 

Nous  indiquons  les  dernieres  performances  et  les  progres  en  cours 
pour  les  transistors  et  les  circuits.  Les  perspectives  a court  terme  sont 
un  facteur  de  bruit  de  5 db  sur  une  bande  de  1 GHz  ou  plus,  ces  perfor- 
mances etant  maintenues  jusqu'a  80°C. 


1.  INTRODUCTION 

II  est  aujourd'hui  admis  que  les  transistors  a effet  de  champ 
au  GaAs  sont  appeles  a remplacer  la  plupart  des  ampli ficateurs  hyperfre- 
quences bas  bruit  jusqu'a  14  GHz  ou  plus. 

Pour  evaluer  les  difficultes  a resoudre  suivant  le  type  d'appli- 
cation,  nous  avons  entrepris  la  realisation  de  divers  prototypes. 

Nous  presentons  aujourd'hui  une  etude  d 'amplificateur  destine  a 
repondre  a un  besoin  militaire.  Nous  decrirons  : 

- la  realisation  du  composant, 

- la  caracteri sation  electrique, 

- la  conception  et  la  realisation  de  1 'amplificateur, 

- les  resultats. 

En  conclusion,  nous  indiquerons  les  perspectives  pour  les  pro- 
chaines  annees. 
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2.  REALISATION  DU  COMPOSANT 

2.1.  Materiau  ( HOLLAN  L. , 197 4) 

La  qualite  d'un  transistor  depend  en  tout  premier  lieu  de  la  qualite 
du  materiau  de  depart.  Pour  un  transistor  faible  bruit,  on  depose  successi- 
vement , sur  un  substrat  de  haute  resistivite  (10°./\..cm),  dans  un  m8me  reac- 
teur,  une  couche  de  haute  resistivite  de  quelques  yum  d'epaisseur  et  une 
couche  active  de  0,2  yum  d'epaisseur,  et  de  dopage  n.=  10l7  at.cm~3.  Si  neces- 
saire,  l'epaisseur  de  la  couche  active  peut  §tre  ajustee  par  decapage  chi- 
mique  ou  electrochimique.  La  couche  "tampon"  est  aujourd'hui  faite  sans 
dopage,  la  couche  active  est  faite  par  dopage  au  soufre. 

2.2.  Technologie 

La  technologie  mise  en  oeuvre  est  plus  puissante  que  les  technolo- 
gies classiques  de  photolithographic  et  moins  onereuse  que  le  masquage  a 
1 ' aide  de  faisceau  d’electrons.  (MOHR  Th.  0.,  1970),  (DOERBEEK  F. H. , 1970), 
(DRIVER  M.C.,  1971),  (MIDDELHOEK  S. , 1970) , ( DEAN  R.H.,  1975).  Elle  nous  a 
permis  aujourd'hui  d'obtenir  des  grilles  de  longueur  0,7  jum  parfaitement 
centrees  dans  un  espace  drain-source  de  2,5  yum,  en  utilisant  la  sous-gravure 
toujours  associee  a une  gravure  chimique  conventionnelle. 

Les  etapes  de  la  fabrication  sont  les  suivantes  : ( BAUDET  P.  - 1976) 

1 - Decapage  localise  de  la  couche  n pour  definir  les  zones  actives 
des  transistors  (photo  1). 

2 - Evaporation  d 'aluminium  sur  toute  la  plaquette  dans  un  b£ti 
ultra-vide  apres  nettoyage  de  la  surface  du  materiau  (figure  la). 

3 - Par  photogravure  classique,  ouverture  des  contacts  source  et 
drain  dans  1 'aluminium,  la  gravure  est  poursuivie  jusqu'a  l'obtention  de  la 
longueur  de  grille  recherchee  (figure  lb). 

4 - Evaporation  d 'or/germanium  sur  toute  la  plaquette,  l'effet 
d 'ombre  de  la  laque  assurant  un  autoalignement  parfait  des  contacts  par 
rapport  a la  grille  (figure  lc).  La  laque  et  1 'or/germanium  superflus  sont 
elimines  par  dissolution  de  la  laque .( figure  Id) 

5 - Une  derniere  gravure  de  1 'aluminium  definit  le  plot  de  contact 
de  la  grille  (photo  2). 

6 - Un  recuit  a 450°C  sous  hydrogene  assure  la  qualite  des  contacts. 

On  constate  done  qu'il  n'y  a pas,  dans  cette  technologie,  d'aligne- 
ments success i f s tree  precis  5 un  seul  masque  doit  6tre  de  haute  qualite, 
le  nombre  est  limite  a trois  et  trois  masques  suffisent. 

2. 3»  Resul tats 

Cette  simplicity  conduit,  en  laboratoire,  a des  rendements  de  80  % 
sur  une  bonne  plaquette.  De  plus,  les  premieres  experiences  de  duree  de  vie 
nous  font  penser  que  nous  n'aurons  pas  les  problemes  de  fiabilite  rencontres 
avec  les  autres  technologies.  Ceci  est  comprehensible,  car  ici  la  grille  est 
deposee  des  le  debut  des  operations,  sur  un  materiau  parfaitement  propre, 
alors  que  dans  les  autres  technologies  autoal ignees , il  faut,  avant  le  depfit 
de  la  grille,  nettoyer  la  surface  du  semiconducteur  au  for.d  d'un  sillon  tres 
etroit . 

Nous  avons  mis  quelques  transistors  en  duree  5 nous  n'observons  pas 
de  degradation  apres  2000  h.  D' autre  part,  nous  n'observons  pas  de  derive 
a court  terme  du  gain  des  transistors,  la  variation  dans  les  premiere  minu- 
tes reste  inferieure  a 0,1  db  pour  un  amplificateur  de  9 db,  nous  avons 
verifie  cette  stability  sur  plus  de  10  h.  Les  frequences  de  coupure  obser- 
vees  pour  une  grille  de  longueur  0,7  jum  dans  2,5  /um  sont  de  50  GHz  (figure  2). 
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Le  facteur  <le  bruit  est  infprieur  a 4 Ub  a 10  GHz  avec  un  gain  associe  de 
7 db.  Les  tensions  de  coude  varient  entre  0,9  et  1,5  volt  suivant  la  pla- 
quette  d'origine  des  transistors  (photo  3) • bes  rosultats  presentes  cor- 
respondent a des  transistors  de  200  |um  de  largeur  de  grille. 

3.  CARACTERISATION  ( BINET  M.  , 1976) 

Ces  transistors  sont  destines  a la  realisation  d ' ampl i f i cateurs  bas 
bruit  et  il  importe  done  de  connaitre  les  parametres  de  bruit  et  les  para- 
metres  S a faible  signal. 

Pour  les  mesures,  les  transistors  nus  sont  soudes  directement  sur 
un  substrat  d'alumine  de  4 x 6 x 0,635  mm  sur  lequel  se  trouvent  des  lignes 
coplanaires  de  50  ohms  (photo  4). 

Les  parametres  S sont  mesures  a l'aide  d ' un  analyseur  de  reseau  HP. 
L'appareil  est  calibre  avec  des  elements  "etalons"  standard  APC  7 ; des 
elements  de  reference  ont  ete  realises  dans  la  m§me  structure  coplanaire. 

Le  comportement  en  bruit  du  transistor  peut  £tre  predit  par  les 
quatre  parametres  bien  connus  NF^jn,  R\,  G0 , B0.  Le  facteur  de  bruit  d'un 
quadripole  connecte  a une  admittance  de  source  Ys  a une  frequence  donnee 
peut  s'ecrire  (IRE  Standards,  I960),  (EISENBERG  J.A. , 1973)  : 

R * 

NP-  npmin  (I  - V2 

s 

ou  Y = G0  + j B0  est  1 'admittance  inconnue  qui , presentee  a 1 'entree  du 
quadripole  conduit  au  facteur  de  bruit  minimum  NF  ,et  R la  resistance 
de  bruit  equivalente. 

Les  mesures  sont  faites  a l'aide  d'un  mesureur  de  bruit  automa- 
tique  AIL  et  de  1 'analyseur  de  reseau.  Cet  analyseur  est  en  fait  incorpore 
a un  banc  automatique  de  test  qui  nous  permettra  de  faire  ces  mesures  en 
fonction  de  la  frequence,  de  la  polarisation,  de  la  temperature  et  de 
1 'amplitude  du  signal.  Le  miniordinateur  du  banc  automatique  permet  de 
traiter  les  mesures.  Pour  les  parametres  de  bruit,  onze  mesures  sont  faites 
pour  differents  reglages  du  circuit  a frequence  et  polarisation  donnees. 

Un  programme  d'analyse  statistique  permet  de  minimiser  les  erreurs  de 
mesures . 

A titre  d'exemple,  les  parametres  de  bruit  d'un  transistor  pro- 
venant  d 'une  bonne  plaquette  sont  presentes  sur  la  figure  3. 

Un  autre  programme  de  calcul  permet  de  tracer  automatiquement  les 
cercles  de  bruit  constant  dans  le  plan  d 'entree  du  quadripole.  Les  figures 
4a  et  4b  representent  les  cercles  de  gain  constant  et  les  cercles  de  bruit 
constant  pour  deux  frequences  differentes.  Comme  on  peut  le  voir,  les  cer- 
cles de  plus  bas  bruit  ne  sont  pas  tres  eloignes  pour  des  frequences  diffe- 
rentes. L'optimisation  d'un  ampli f icateur  large  bande  sera  done  d'abord  un 
probleme  d 'optimisation  en  fonction  du  gain. 

4.  CONCEPTION  ET  REALISATION  DE  L ’ AMPLIFICATEUR 

4.1.  Speci fication 

Nous  nous  etions  donne  comme  objectif  la  realisation  de  l'amplifi- 
cateur  suivant  : 

F s 8,8  A 9,8  GHz 

G : 30  db  + 1 db 

NF  s < 6 db 

puissance  de  sortie  a saturation  > 10  dbm 
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4.2.  Real i sat  ion 

Une  premiere  etape  est  la  realisation  d'un  ampl i f i cateur  a un  etage 
avec  entree  et  sortie  50  ohms.  L'entree  et  la  sortie  etant  adaptces  de 
fa<;on  a obtenir  le  meilleur  facteur  de  mcrite  pour  les  premiers  etages  et 
le  plus  grand  gain  pour  les  etages  de  sortie,  les  adaptations  permettant 
de  compenser  la  variation  du  gain  du  transistor  avec  la  frequence. 

Nous  avons  essaye  tout  d'abord  une  technologie  microstrip.  Les 
transistors  de  la  m§me  serie  que  ceux  qui  ont  etc  caracterises  sont  soudes 
sur  un  rail  de  cuivre  de  0,4  mm  de  largeur,  separant  en  deux  parties  egales 
un  support  de  cuivre  dore  de  1 pouce  x 1 pouce.  Les  circuits  d'entree  et 
de  sortie  sont  realises  par  des  conducteurs  en  or  sur  deux  plaquettes 
d'alumine  de  1/2  pouce  et  d'epaisseur  0,635  mm.  Ces  conducteurs  sont  obte- 
nus  par  gravure  d'une  couche  de  5 urn  d 'or  prealablement  deposee  (photo  5). 

(Cette  technologie  est  tres  simple  mais  chere  ; nous  avons  egalement 
utilise  une  autre  technologie  qui  consiste  a graver  une  couche  mince  qui  est 
ensuite  rechargee.  On  peut  encore  reduire  le  coflt  en  utilisant  des  couches 
epaisses  obtenues  par  serigraphie  de  pfites  a 1 'or.  Nos  premieres  mesures  de 
lignes  faites  par  cette  technologie  nous  laissent  penser  que  celle-ci  pourra 
£tre  utilisee  jusqu'en  bande  X.J 

Lin  tel  montage  permet  de  caracteriser  les  circuits  a l'analyseur  de 
reseau  avant  la  soudure  des  connexions  du  transistor.  Le  circuit  d 'alimen- 
tation grave  sur  le  meme  substrat  comprend  un  filtre  passe  bas  et  des  com- 
posants  discrets  : condensateur  de  decouplage  et  resistance  VDR  de  protec- 
tion sur  la  grille,  (photo  6) 

Les  modules  elementaires  ainsi  realises  peuvent  £tre  cascades  par 
1 ' i n termed i ai re  de  prises  miniatures,  mais  les  circuits  ont  ete  con<;us  pour 
Gtre  associes  apres  mesure,  dans  un  boftier  unique. 

4.3.  Conception  (VIDALLON  C. , 1976) 

II  est  toujours  souhaitable  d 'avoir  le  minimum  d 'elements  d 'adap- 
tation. Le  circuit  simple  qui  nous  a donne  de  bonnes  performances  consiste 
en  une  ligne  a haute  impedance  suivie  d'un  transformateur  quart  d'onde 
basse  impedance.  Cette  structure  permet  egalement  une  connexion  aisee  du 
circuit  de  polarisation  a un  bord  du  transformateur  basse  impedance.  Les 
performances  obtenues  avec  ce  type  de  circuit  ne  sont  pas  tres  satisfaisantes 
pour  les  ampl i f icateurs  large  bande.  Des  calculs  d 'optimisation  a l'aide 
de  programmes  mis  au  point  en  collaboration  avec  l'Universite  de  Toulouse 
(Acline  ♦ Optim)nous  ayant  montre  que  pour  realiser  des  ampl i f i cateurs 
large  bande  il  fallait  utiliser  des  elements  localises,  nous  avons  entrepris 
des  essais  en  utilisant  comme  self  un  fil  tendu  entre  le  transistor  et  la 
ligne  microstrip.  Les  resultats  sont  bons  et  nous  cherchons  actuel lement 
une  solution  plus  satisfaisante  du  point  de  vue  technolog ique  et  permettant 
de  resister  a un  environnement  severe. 

Les  performances  mesurees  etant  aujourd'hui  proches  des  performances 
ce.lculees,  nous  etudions  1 'adaptation  entre  les  differents  etages,  sans 
repasser  par  une  impedance  de  50  ohms. 

5.  RESULTATS 

5.1.  Modules  elementaires 

Ces  modules  ont  ete  realises  avec  les  transistors  decrits  ci-dessus 
pour  une  frequence  de  9*3  GHz. 
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bande  etroite 


bande  1 GHz 


G (db) 

NF  (db)  T 

°C 

11 

3,5 

150 

9 

5 

25 

8,5 

5,5 

85 

5 

4,4 

20 

9 

20 

type  de 

transistor  peut  delivrer 

une 

etage  de  sortie  : le  m€ 
puissance  superieure  a 20  mW  (figure  5).  On  peut  associer  plusieurs 
transistors  pour  atteindre  100  mW  (photo  7). 


Ampl i f icateur  large  bande  : par  adaptation  avec  des  elements 
localises,  on  peut  realiser  des  ampl i f i cat eurs  tres  large  bande,  par 
exemple  8 a 12  GHz  (figure  6).  Ceci  montre  clairement  qu ' i 1 faut , soit 
monter  les  transistors  sans  boftier,  soit  prevoir  une  preadaptation 
dans  le  boitier. 


5.2.  Ampl i f icateur  grand  gain 

L’objectif  etant  de  realiser  un  gain  superieur  a 30  db,  une  pre- 
miere maquette  a ete  realisee  avec  cinq  modules  en  technologie  microstrip. 
Comme  indique  plus  haut , les  cinq  modules  peuvent  etre  montes  dans  un 
boitier  unique  de  dimensions  10  x 3 x 0,5  cm.  II  apparait  que  si  les  per- 
formances de  bruit  et  de  gain  sont  tenues,  le  gain  n'est  pas  constant 
dans  la  bande.  Une  amelioration  importante  peut  deja  dtre  obtenue  en 
remplagant  certains  modules  par  des  ampl i f i cateurs  a constantes  localisees. 
Sur  la  figure  7,  un  seul  module  est  a constantes  localisees. 

5*3.  Conclusions 

Les  performances  ne  sont  tenues  que  sur  750  MHz,  car  nous  n'avons 
modifie  qu ' un  etage  ; en  modifiant  deux  ou  trois  etages,  nous  obtiendrons 
une  courbe  de  gain  respectant  la  specification. 

La  deterioration  du  bruit  a 85°C  etant  de  0,5  db,  le  bruit  restera 
inferieur  a 6,2  db  dans  toute  la  bande.  La  variation  du  gain  avec  la  tem- 
perature peut  aisement  &tre  corrigee  par  un  circuit  de  compensation  sur 
1 1 al imentation  des  deux  derniers  etages.  Avec  les  performances  des  tran- 
sistors annoncees  par  nos  competiteurs  ou  obtenus  recemment  dans  notre 
laboratoire  (NF  = 3 db  a 10  GHz),  on  peut  gagner  1 db  sur  le  facteur  de 
bruit  et  reduire  le  nombre  d'etages  a quatre. 

6.  PERSPECTIVES 

6.1.  Ampl i ficateur  bas  bruit 

Des  progres  importants  sont  encore  possibles  pour  le  materiau, 
specialement  au  niveau  de  1 ' interface  entre  le  substrat  et  la  couche  active, 
progres  qui  se  traduiront  par  des  ameliorations  notables  de  performances. 

En  dehors  des  techniques  classiques  d'epitaxie  vapeur  ou  liquide, 
trois  voies  sont  actuellement  explorees  : 

- epitaxie  vapeur  basse  temperature  s (630°C) 
nous  avons  obtenu  a ce  jour  : 

NF  (db)  Ga  (db)  G (db)  F GHz 

■ —max  

sans  couche  tampon  4 6 10  10 

avec  couche  tampon  3 5 10  10 

- epitaxie  par  jets  moleculaires 

Nous  avons  obtenu  sans  couche  tampon  un  fact'eur  de  bruit  de  k db 
et  un  gain  associe  de  6 db. 
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- implantation  ioniguo 


nous  n'avons  pas  encore  de  transistors  faits  par  cette  technique, 
mais  les  couches  obtenues  sont  de  bonne  qualite. 

Au  niveau  de  la  technologie,  il  reste  encore  a ameliorer  la  qua- 
lite des  contacts  et  a rendre  reproduct ib les  et  economiques  les  transistors 
a grille  de  longueur  0,5  jum.  Le  probleme  le  plus  important  pour  l'utilisa- 
teur  paralt  f>tre  la  presentation  des  transistors  ; il  faut  trouver  une 
technique  permettant  la  manipulation,  la  mesure  et  le  montage  des  transis- 
tors aussi  simplement  qu'avec  un  boitier,  mais  avec  des  elements  parasites 
plus  faibles,  le  montage  des  transistors  sur  film  souple  permettra  peut 
etre  de  remplir  ces  exigences. 

Au  niveau  des  performances,  des  aujourd'hui  on  voit  annoncer  des 
bruits  de  2,5  db  a 10  GHz  pour  des  longueurs  de  grille  de  0,5  un.  On  ne 
verra  sans  doute  pas  beaucoup  mieux,  au  moins  a temperature  ambiante.  Avec 
ce  facteur  de  bruit  et  des  gains  associes  de  7 ou  8 db,  on  pourra  realiser 
des  ampl i f icateurs  bande  etroite  et  grand  gain  avec  un  facteur  de  bruit  de 
3,5  db.  lies  que  1 ' on  veut  realiser  un  ampl i f icateur  a large  bande,  il  faut 
compter  sur  une  deterioration  de  1 a 1,5  db,  soit  un  facteur  de  bruit  infe- 
rieur  a 5 db. 


(> . 2 . Ampl  i f icateur  de  puissance 

Les  pessimistes  prevoient  une  puissance  de  1 W en  bande  X,  en  fait 
cette  performance  a deja  etc  obtenue  en  laboratoire.  Les  optimistes  disent 
5 W en  bande  X ; je  crois  que  dans  ce  domaine  il  faut  toujours  croire  les 
optimistes.  Il  faut  souligner  que  la  fiabilite  de  ces  elements  de  puissance 
n'est  pas  encore  garantie  ; il  faut  done  attendre  avant  de  les  mettre  dans 
des  equipements  operat ionnels , mais  il  n'y  a cependant  aucune  raison  pour 
que  les  dispositifs  realises  sur  GaAs  aient  une  fiabilite  inferieure  a ceux 
realises  sur  silicium.  Un  des  grands  avantages  du  transistor  a effet  de 
champ  provient  du  coefficient  de  temperature  positif  qui  assure  automati- 
quement  une  repartition  convenable  du  courant  dans  les  differents  doigts 
du  transistor. 


6.3.  Circuits  Integres  (photo  9) 

Un  autre  domaine  tres  prometteur  est  la  logique  rapide  sur  GaAs. 

Nous  avons  nous-mdmes  realises  des  portes  et  des  circuits  simples  avec  des 
temps  de  propagation  de  0,1  ns  ; on  peut  esperer  un  produit  consommat ion/ 
temps  de  propagation  de  2 pj  pour  des  portes  internes.  Des  circuits  inte- 
gres comportant  pres  de  100  elements  ont  deja  ete  realises  (LIECHTI,  1976)* 

On  peut  aussi  imaginer  des  memoire.  de  4 kilobits  qui  consommeraient  quel- 
ques  mW,  tout  en  ayant  un  temps  d 'act.es  de  20  ou  25  ns.  Allons  plus  loin 
dans  les  perspectives  : nous  avons  entame  un  programme  devaluation  d'un 
recepteur  integre  pour  telediffusion  a 12  GHz. 

6.4.  Conclusion 

Les  transistors  a effet  de  champ  au  GaAs  ouvrent  des  perspectives 
prometteuses , non  seulement  pour  les  ampl i f icateurs  bas  bruit,  bande  large  ou 
etroite,  mais  aussi  pour  les  ampl i f icateurs  de  puissance  et  les  circuits 
logiques  rapides.  Des  maintenant,  les  concepteurs  de  materiels  doivent 
envisager  1 'utilisation  de  tels  composants  qui  seront  offerts  tres  prochai- 
nement  sur  le  marche  avec  des  performances,  des  prix  et  une  fiabilite 
convenables. 
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Photo  2 - plaque  de  transistors  avant  decoupe. 
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gain  maximum  possible  (MAG).  Facteur  de  bruit  (NK)  et.  gain 
associc  a ce  facteur  de  bruit  (Ga)  en  fonction  de  la  fre- 
quence. 


Figure  3 


parametres  de  bruit  d ' un  transistor 


Photo  5 
Photo  6 


circuits  d'adaptation  et  d 'alimentation 
vue  d'un  module  elementaire. 


Figure 


5 - puissance  de  sortie  en  fonction  de  la  puissance  d'entree. 


Figure  fa 


gain  en  fonction  de  la  frequence  avec  adaptation  a constantes 
localisees. 


Photo  9 


porte  logique  - temps  de  propagation  0,1  nanoseconde. 
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DISCUSSION 


I W MACKINTOSH:  Are  you  required  to  meet  a specification  on  burn-out  resistance?  Have  you  made 

any  measurements? 

R VEILEX:  Nous  avons  entreprls  des  experiences  sur  ce  sujet  mats  nous  n'avons  pas  encore 

de  rlsultats. 

Je  veux  slmplement  remarquer  que  la  grille  du  transistor  peut  supporter  plusleurs 
volts  en  contlnu  et  elle  est  prot^g^e  contre  les  sustenslons  des  alimentations  par 
des  Ailments  VDR  a reponse  relatlvement  lente,  on  peut  done  supposer  que  cette 
grille  supporters  des  impulsions  relatlvement  longues  et  de  puissance  moyenne. 
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NEW  ADVANCES  IN  HE  LIABILITY  AND  EFFICIENCY 
IN  LIGHTWEIGHT  TWTs 
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611  HanBen  Way 
Palo  Alto,  California  94303 
U.S.A. 


SUMMARY 


The  most  commonly  used  microwave  power  amplifier  in  recently  developed  airborne  radars  is  the  coupled- 
cavity  traveling  wave  tube.  This  tube  is  favored  because  of  its  large  bandwidth,  high  peak  and  average  power 
capability,  high  gain  and  good  signal  purity.  A number  of  recent  developments  have  been  concerned  with  improvement 
of  the  special  characteristics  important  for  airborne  use  such  as  reliability,  efficiency,  small  size  and  weight,  and 
simplicity  of  power  supplies.  This  paper  reviews  recent  developments  and  describes  the  various  trade-offs  for  these 
areas. 

I.  INTRODUCTION 


I 


I 


Modern  airborne  radars,  with  their  demand  for  coherence,  low  spectral  noise  and  multiple  functions,  combined 
with  the  wide  band  widths  required  for  ECCM,  have  placed  strenuous  requirements  on  the  transmitter  output  tube. 

When  these  are  coupled  with  the  need  for  minimum  size  and  weight  along  with  higher  efficiency,  reliability  has  often 
been  compromised.  Devices  capable  of  providing  the  rf  performance  are  available;  and  In  recent  years,  the  emphasis 
has  been  on  improving  the  efficiency  and  reliability  of  these  devices. 

Linear  beam  tubes  are  generally  preferred  for  new  airborne  radars  because  of  the  requirements  for  coherence 
and  spectral  purity,  as  well  as  the  ease  of  modulation  which  has  become  possible  with  the  advent  of  the  non-intercept- 
ing control  grid.  Where  bandwidths  of  5%  or  more  are  required,  the  choice  of  linear  beam  tubes  is  limited  to 
the  traveling  wave  tube.  The  most  commonly  used,  when  more  than  a few  kilowatts  of  peak  power  or  more  than  a few 
hundred  watts  of  average  power  are  required,  is  the  coupled-cavity  TWT.  As  the  rf  circuits  are  all  metal  and  can  be 
directly  cooled,  the  coupled-cavity  TWT  has  a distinct  advantage  in  average  power  capability  when  compared  to  the 
more  conventional  helix  TWT  which  requires  dielectric  supports  for  the  rf  circuit.  This  paper  will  concern  itself 
primarily  with  coupled-cavity  TWTs;  however,  many  of  the  advances  mentioned  are  also  applicable  to  helix  or  helix- 
derived  TWTs. 

Advances  in  efficiency  and  reliability  as  well  as  the  tradeoffs  in  tube  performance,  which  determine  the  eventual 
design  configuration,  will  be  discussed.  Such  features  as  peak  power  output  versus  beam  voltage,  frequency  and  focus- 
ing, as  well  as  average  power  output  versus  size  and  weight,  are  given  in  the  figures. 

n.  TWT  ELEMENTS  AND  APPLICATIONS 

A.  TWT  ELEMENTS 

All  linear  beam  tubes  consist  of  an  electron  gun  and  focusing  structure  used  to  generate  a long  cylindrical 
beam  of  electrons,  an  rf  structure  which  provides  gain  and  power  output  by  interaction  with  the  beam,  and  a collector 
where  the  unused  beam  energy  is  converted  to  heat  (Staprans,  A.,  et  al,  1973).  This  is  shown  schematically  in 
Figure  1.  Linear  beam  tubes  differ  one  from  another  principally  in  the  characteristics  of  the  interaction  circuit. 

The  electron  gun  contains  a cathode,  normally  thermionic,  which  provides  the  electrons  as  a result  of  indirect 
heating.  The  electrons  are  formed  into  a cylindrical  beam  and  directed  into  the  rf  Interaction  circuit  by  properly 
designed  focusing  electrodes  and  voltage  between  the  cathode  and  anode,  the  latter  normally  at  the  entrance  to  the  rf 
interaction  circuit.  Figure  2 shows  the  relative  size  and  physical  relationship  of  these  elements. 

As  mentioned  earlier,  there  are  two  basic  types  of  rf  Interaction  circuits  used  in  traveling  wave  tubes.  One  is 
the  familiar  helix  and  derivations  thereof,  such  as  the  ring  loop  and  ring  bar  circuit,  all  of  which  are  made  of  metal 
(usually  molybdenum  or  tungsten),  and  supported  on  dielectric  rods  inside  a cylindrical  body.  The  other  is  the  coupled- 
cavity  circuit  which  consists  of  an  array  of  tuned  cavities  that  are  coupled  to  each  other,  generally  through  a slot  in 
their  common  wall.  A hole  is  provided  at  the  center  of  the  cavity  end  walls  through  which  the  electron  beam  passes. 
Figure  3 shows  a schematic  drawing  of  the  types  of  circuits.  The  signal  to  be  amplified  is  Introduced  through  an  rf 
window  and  transducer  at  the  gun  end  of  the  circuit,  and  the  amplified  rf  is  taken  out  through  a similar  device  at  the 
collector  end  of  the  circuit. 

The  electron  beam,  after  transiting  the  circuit,  then  impinges  on  a bucket-shaped  element  known  as  a collector. 
The  collector  is  connected  to  the  positive  side  of  the  power  supply,  and  completes  the  electrical  circuit.  The  average 
electron  velocity  is  reduced  by  an  amount  related  to  the  Increase  in  rf  energy;  in  fact,  this  reduction  in  average  electron 
velocity,  resulting  from  the  interaction  of  the  traveling  wave  on  the  circuit  and  the  electron  beam,  accounts  for  the 
energy  transferred  to  the  rf  wave  which  is  extracted  at  the  output.  The  collector  must  convert  the  energy  of  the  beam 
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to  heat;  and  aa  there  are  periods  of  no  rf  output,  the  collector  la  generally  designed  to  handle  the  maximum  beam 
power. 


B.  TWT  APPLICATIONS 

The  role  commonly  accorded  the  TWT  in  modern  radars  is  that  of  the  final  output  amplifier  in  the  transmitter. 
This  function  has  varying  requirements;  depending  upon  the  type  and  the  modes  of  operation  assigned,  it  may  include 
high  duty  cycle,  high  prf  operation;  or  high  peak  power,  low  duty  cycle  operation.  Where  pulse  compression  is  used, 
stringent  phase  linearity  requirements  apply.  Some  TWTs  are  operated  cw  for  missile  illumination,  and  the  helix 
type  of  TWT  is  used  frequently  in  active  seekers  for  missiles. 

Where  high  peak  or  average  power  is  required,  the  choice  is  for  a coupled-cavity  TWT.  These  devices  have 
been  delivered  for  experimental  aircraft  radars  at  peak  power  levels  as  high  as  200  kW  and  at  average  powers  in 
excess  of  5 kW.  When  driven  by  a stable  oscillator,  the  TWT  provides  pulse-to-pulse  coherence,  as  well  as  spectral 
purity,  which  is  amplitude  and  phase  noise  free  100  dB  down  from  the  carrier.  These  features,  along  with  its  wide 
dynamic  power  output  range  and  its  broad  bandwidth,  have  made  the  coupled-cavity  TWT  an  even  more  logical  choice 
for  sophisticated  airborne  radars.  Where  multiple  modes  of  operation  are  required,  a single  tube  may  fulfill  the 
requirements  for  search,  map,  terrain  following,  navigation  and  air-to-air  combat.  Coupled-cavity  TWTs  are  present- 
ly employed  as  the  final  amplifier  on  the  MRCA,  F-14,  F-15,  and  F-16  radars  and  will  probably  be  used  in  the  F-18. 

In  addition,  they  are  used  in  many  other  more  specialized  airborne  radars  and  in  fixed,  transportable,  and  shipboard 
radars. 


EQ.  RELIABILITY 

A.  FAILURE  MODES 

It  is  desirable  that  the  tube  operate  without  changes  in  essential  characteristics,  be  insensitive  to  limited 
changes  in  system  characteristics,  and  be  easily  protected  in  case  of  gross  malfunctions  in  the  system.  Any  discussion 
of  reliability  must  begin  with  a description  of  the  failure  modes.  In  the  case  of  a TWT,  they  are  similar  to  that  of 
any  other  linear  beam  tube,  since  the  basic  elements  of  the  tube  are  little  different.  The  failure  modes  for  high  power 
TWTs  can  be  listed  as  follows: 

Relevant  Failure  Modes  t 

1.  Loss  of  cathode  emission  due  to  cathode  depletion 

2.  Heater  failures 

3.  Grid  shorts 

4.  Vacuum  leaks  due  to  thermal  cycling 

5.  Ceramic  seal  leakage  causing  excessive  high  voltage  arcing 

6.  Changes  in  beam  characteristics  caused  by  changes  in  spacings  of  gun  elements 

7.  Emission  from  the  shadow  grid  resulting  in  high  values  of  control  grid  current 

Nonrelevant  Failure  Modes 

1.  Mechanical  damage  due  to  Improper  handling 

2.  Melting  of  internal  tube  elements 

3.  Window  breakage 

4.  Coolant  channel  clogging  or  coolant  path  leakage 

Though  all  failures  are  of  concern  to  the  system,  the  nonrelevant  modes  are  not  within  the  control  of  the  tube 
builder  and  require  teamwork  between  the  systems  designer  and  the  tube  designer  to  minimize  their  occurence.  It 
should  also  be  noted  that  one  failure  mode  may  trigger  additional  failure  mechanisms.  For  example,  a broken  window 
will  cause  loss  of  vacuum  and  heater  burnout  if  the  heater  is  operated  for  any  length  of  time  after  the  window  failure 
occurs.  Likewise,  a grid  short  could  conceivably  cause  melting  of  the  circuit.  In  some  cases,  the  initial  cause  of 
failure  is  not  easily  determined,  making  identification  of  the  failure  mode  difficult. 

B.  THE  ELECTRON  GUN 

The  development  of  the  non- intercepting  gridded  electron  gun  has  made  possible  pulse  repetition  rates  of  300  KHz 
and  more,  along  with  multiple  prf's,  in  a lightweight  high  power  transmitter.  This  gridded  gun,  though  a boon  to  high 
power  airborne  radar  designers,  has  complicated  the  tube  builder's  task,  and  has  provided  reliability  inversely  pro- 
portional to  the  radar  performance.  From  a review  of  relevant  failure  modes  above,  we  see  that  six  of  the  seven  modes 
are  specifically  identified  as  electron  gun  failures;  while  the  seventh,  vacuum  leaks,  is  more  general  in  nature. 

Loss  of  emission  and  heater  failure  are  not  limited  to  gridded  electron  guns,  but  their  occurrence  can  be 
related  to  the  need  for  Incorporation  of  a non-intercepting  grid  in  the  gun  design,  while  grid  shorts,  beam  character- 
istics changes,  and  grid  emission  are  directly  related  to  the  gridded  gun  design. 

C.  NON-INTERCEPTING  GRIDDED  GUNS 

In  a conventional  non-intercepting  or  shadow  gridded  gun,  two  Identical  grids  are  placed  in  perfect  register  on 
the  beam  axis,  very  near  the  cathode  surface  (Miram,  G.  V.,  1970).  This  is  shown  schematically  In  Figure  4.  The 
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grid  closest  to  the  cathode,  called  the  shadow  grid,  is  at  cathode  potential,  and  diverts  the  electrons  around  the  second 
or  control  grid.  Without  this  shadow  grid,  the  control  grid  would  intercept  10%  to  20%  of  the  beam  current;  in  a high 
power  tube,  this  would  cause  the  grid  to  melt.  The  primary  problem  In  building  guns  of  this  type  is  to  design  the 
elements  and  their  supports  so  that  they  will  not  only  be  in  the  right  position  when  the  cathode  is  at  operating  temper- 
ature (about  UOO'C),  but  so  that  they  do  not  interfere  mechanically  during  the  temperature  excursion  from  ambient 
temperature  to  operating  temperature.  At  the  same  time  the  grids,  though  positioned  only  about  a tenth  of  a millimeter 
from  the  cathode,  must  be  thermally  isolated  and  shielded  so  that  they  do  not  reach  cathode  temperature  and  also  emit. 
This  latter  is  the  reason  that  the  shadow  grid  is  not  normally  placed  on  the  cathode  surface.  Since  the  best  focusing 
is  achieved  with  the  shadow  grid  or.  the  cathode  surface,  the  attempt  has  been  to  get  it  as  close  to  the  cathode  as 
possible  while  maintaining  the  grid  below  the  temperature  at  which  it  emits.  The  result  has  been  shadow  grid  spacings 
of  about  0. 1 mm  which  must  be  controlled  in  design,  assembly,  and  operation  to  within  0.01  mm.  If  the  shadow  grid 
moves  outside  these  limits,  then  the  beam  focusing  changes.  This  can  cause  increased  interception  on  the  control 
grid  resulting  in  emission  from  or  melting  of  that  element  and/or  misfocusing  of  the  beam,  causing  high  body  current 
and  system  shutoff.  Likewise,  if  the  movement  of  the  shadow  grid  is  sufficiently  large,  it  can  short  the  control  grid 
electrically  to  the  cathode,  or  touch  the  cathode  and  be  heated  to  a temperature  at  which  it  emits.  In  the  first  case, 
the  tube  will  operate  continuously  at  zero  grid  bias  which,  in  addition  to  causing  radar  failure,  may  also  destroy 
the  tube.  If  the  shadow  grid  emits,  this  current  will  go  to  the  control  grid  and,  in  all  probability,  destroy  it.  Main- 
taining the  tight  spacing  of  the  shadow  grid  reliably  is  difficult  in  normal  operation;  for  tubes  which  must  operate 
reliably  under  the  shock,  vibration,  and  thermal  environment  of  high  performance  aircraft,  this  element  can  become 
a major  failure  mechanism. 

D.  THE  UNIGRID'" 

A new  system  for  producing  non-intercepting  gridded  guns  has  recently  been  developed  which  will  eliminate 
the  failure  modes  caused  by  movement  or  misplacement  of  the  shadow  grid.  In  this  design,  developed  at  Varlan,  the 
shadow  grid  is  placed  directly  on  the  cathode  surface  thereby  eliminating  the  requirement  for  close  spacing  just  off 
the  surface  (Lien,  E.  L.  and  Miram,  G.  V.,  1974).  This,  of  course,  means  that  the  grid  must  be  capable  of  operating 
at  cathode  temperature  without  emitting.  Operation  of  this  type  has  been  achievod  by  coating  the  shadow  grid  with  a 
material  which  is  non-emitting  at  cathode  temperature,  and  sufficiently  passive  that  it  does  not  migrate  onto  the 
cathode  surface  and  inhibit  emission  from  the  desirable  areas.  This  grid  is  bonded  to  the  cathode  and  becomes  an 
integral  part  of  the  cathode  Itself,  thus  leaving  only  one  grid,  the  control  grid,  supported  separately.  Varlan  has 
applied  the  name  UNIGRID  to  this  unique  system  which  provides  a more  laminar  beam,  as  shown  in  Figure  5,  and  a 
more  reliable  gridded  electron  gun.  An  additional  benefit  Is  that  of  economy.  As  the  critical  spacing  for  this  grid  is 
eliminated  the  assembly  is  simplified,  which  results  in  reduced  labor  costs  and  improved  yields.  At  the  present  time, 
over  100  tubes  have  been  built  and  shipped  with  this  type  of  gridded  gun  and  there  have  been  no  failures  involving  the 
grid.  Likewise,  a life  test  being  run  at  Varlan  on  a VTX-5783  containing  a UNIGRID  reports  3,000  heater  hours  and 
1,000  beam  hours  with  no  degradation  in  performance. 

IV.  EFFICIENCY 

A.  BASIC  EFFICIENCY  OF  TWTs 

The  efficiency  of  the  final  amplifier  is  usually  of  great  interest  to  radar  transmitter  and  system  designers,  as 
this  is  the  single  biggest  power  consumer  In  the  system.  Often  as  much  as  50%  of  the  total  system  power  Is  provided 
to  the  output  tube  which,  if  only  10%  efficient,  means  that  only  5%  of  the  total  system  power  is  converted  to  rf  energy. 

The  TWT  relies  upon  continuous  interaction  between  the  electron  beam  and  a wave  of  rf  energy  traveling  on  the 
circuit  for  amplification,  and  is  quite  sensitive  to  the  beam  velocity.  In  designing  the  tube,  the  beam  voltage  and 
cavity  period  are  typically  adjusted  to  give  a flat  gain  characteristic  with  frequency.  This  adjustment,  however,  does 
not  necessarily  give  the  best  power  transfer  to  the  circuit  at  the  tube  output,  and  results  in  efficiencies  on  the  order 
of  the  10%  mentioned  above.  Further  adjustments  are  normally  made  to  increase  the  efficiency  by  improved  velocity 
resynchronization  in  the  last  few  cavities  at  the  output.  This  can  be  done  by  reducing  the  period  of  these  cavities  to 
increase  the  energy  exchange,  or  the  beam  voltage  can  be  Increased  near  the  tube  output.  By  tapering  the  output 
circuit,  as  reducing  the  cavity  period  is  called,  efficiencies  of  15%  to  25%  have  been  achieved;  the  value  depending 
upon  the  power  output,  bandwidth,  and  frequency.  Further  Increases  In  efficiency  have  been  achieved  on  experimental 
tubes  by  voltage  jumps,  which  entails  isolating  the  output  section  electrically  and  putting  voltage  on  that  section  to 
increase  the  electron  beam  velocity  into  synchronism  with  the  rf  wave  in  the  output  section.  Notable  increases  in  ef- 
ficiency have  been  made  (on  the  order  of  5%  to  15%)  by  this  method;  however,  the  problems  of  high  voltage  Isolation 
in  the  output  section  involving  mechanical  strength,  compromised  circuit  characteristics,  additional  vacuum  seals, 
and  insulator  leakage  have  made  this  technique  unattractive  for  operational  systems  when  other  methods  such  as  im- 
proved tapers  and  collector  depression  can  achieve  the  same  results. 

B.  DEPRESSED  COLLECTOR  OPERATION 

The  basic  or  beam  efficiency  is  given  as 


where:  P^  - E^  (beam  voltage)  x ik  (cathode  current)  and  P^  - rf  power  output  (at  saturation). 


Typically,  15%  to  20%  beam  efficiency  la  obtained  from  the  power  supply  arrangement  shown  In  Figure  6. 
If  the  collector  is  Isolated  from  the  rf  circuit,  It  can  be  operated  at  a reduced  voltage  without  affecting  the  rf 
properties  of  the  TWT.  This  requires  a separate  power  supply  to  maintain  the  cathode  to  anode  voltage;  however, 
the  efficiency  can  be  enhanced  by  a power  supply  arrangement  such  as  that  shown  In  Figure  7.  In  this  case,  the 
efficiency  becomes 
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Since  the  beam  current  transmission  (i.e.,  that  proportion  of  the  beam  current  reaching  the  collector)  is 
typically  90%,  it  can  be  seen  that  operating  the  collector  at  a reduced  voltage  reduces  the  total  Input  power.  For 
instance,  for  equation  (1),  If  the  cathode  voltage  is  20  kV  and  the  beam  current  is  3 amperes,  then 


P,  « 20  x 3 = 60  kW 
in 

whereas  In  equation  (2)  with  90%  transmission  and  a collector  voltage  equal  to  1/2  Efc  or  10  kV,  then 

- (20  x 0.3)  + (10  x 2.7)  - 33  kW. 

These  values  are  typical  for  10  to  12  kilowatts  power  output,  depending  upon  the  bandwidth  required.  It  can  be 
seen  that  a collector  operating  below  the  circuit  potential  can  enhance  the  efficiency  substantially. 

As  might  be  expected,  there  Is  a limit  to  the  level  below  the  circuit  to  which  the  collector  voltage  can  be  depres- 
sed. Because  extracting  energy  from  the  beam  during  the  rf  interaction  slows  down  the  beam,  it  essentially  lowers 
the  average  potential  of  the  electrons;  and  as  the  collector  voltage  is  reduced,  an  increasing  number  of  electrons  are 
unable  to  enter  the  collector.  Therefore,  at  some  point,  the  electrons  returned  to  the  circuit  become  excessive  from 
either  a thermal  or  an  efficiency  viewpoint  and  limit  the  amount  of  collector  voltage  depression.  For  a single-stage 
depressed  collector,  this  normally  occurs  at  a voltage  between  50%  and  70%  of  the  cathode  to  anode  voltage.  Or,  to 
state  It  differently,  at  a depression  voltage  of  30%  to  50%.  The  amount  of  depression  that  can  be  achieved  is  Inversely 
proportional  to  the  basic  efficiency  of  the  TWT,  and  for  single-stage  collectors,  the  overall  efficiency  of  the  tube  is 
limited  to  about  35%. 


Figure  8 shows  the  rate  of  Increase  of  circuit  current  with  collector  depression  and  also  the  efficiency  versus 
collector  voltage  for  a single-stage  collector.  By  Incorporating  two  stages  of  collector  depression,  the  first  stage 
Is  operated  at  a voltage  25%  to  30%  below  the  circuit  so  as  to  return  a minimum  of  electrons  to  the  circuit  while  a 
second  stage  is  operated  at  lower  voltage,  60%  to  65%  below  the  circuit,  to  catch  the  faster  electrons  at  a voltage 
only  35%  to  40%  above  the  cathode  voltage.  As  Is  shown  In  Figure  9,  this  can  yield  a beam  efficiency  In  excess  of  40% 
without  excessive  circuit  Interception.  The  data  shown  were  taken  on  a 50  kW,  X-band  TWT  developed  at  Varian  for 
airborne  applications.  Further  analytical  work  using  computer  programmed  models  Indicate  that  three-stage  collectors 
can  yield  efficiencies  of  50%.  As  many  as  12  collector  stages  have  been  demonstrated  experimentally  and  proposed  for 
high  average  power  applications  In  outer  space  with  theoretical  efficiencies  as  high  as  72%.  However,  the  complexity 
and  expense  of  construction  and  operation  makes  them  Impractical  for  the  present  application.  Two-stage  collector 
depression  Is  probably  the  practical  limit,  except  for  the  most  stringent  efficiency  requirements  such  as,  for  example, 
may  be  experienced  In  outer  space. 

V.  SIZE  AND  WEIGHT 

A.  CIRCUIT  DESIGN 

Because  of  the  limitations  on  both  size  and  weight  which  have  been  dictated  by  high  performance  aircraft,  a 
great  deal  of  effort  has  been  put  into  packaging  traveling  wave  tubes.  The  size  of  the  electron  gun  Is  generally  directly 
proportional  to  the  peak  power  output,  as  this  determines  the  peak  operating  voltage  and  current.  The  collector  size 
Is  determined  by  the  average  power  output,  as  this  reflects  the  amount  of  beam  energy  to  be  converted  to  heat.  The 
circuit  size  and  weight  Is  determined  by  several  more  complex  factors.  Cavity  diameter  and  cross-sedtion  are  directly 
proportional  to  wave  length,  being  approximately  1/2  X In  diameter.  Gain  determines  the  number  of  cavities  required, 
and  the  gain  per  cavity  Is  inversely  proportional  to  bandwidth.  Peak  and  average  power  output  Influence  the  circuit 
size  In  that  higher  peak  powers,  with  their  attendant  higher  voltages,  require  longer  rf  periods  and  longer  circuits; 
however,  tills  effect  can  be  small  compared  to  the  effect  of  average  power. 

As  described  earlier,  the  beam  Is  formed  Into  a column  by  the  electron  gun  and  anode.  It  Is  launched  Into  the 
circuit  and  must  then  retain  its  cylindrical  shape  as  It  passes  through  the  circuit  In  order  to  interact  efficiently  with 
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the  rf  wave.  This  requires  some  external  field,  usually  magnetic,  to  maintain  the  focusing.  This  magnetic  field 
can  be  supplied  by  a permanent  magnet  focusing  structure  or  an  electromagnet;  the  choice,  which  has  a profound 
effect  on  the  weight,  is  dependent  upon  the  average  rf  power  output  requirements. 

All  high-gain  TWTs  require  some  circuit  rf  loading  fo  prevent  oscillation  at  the  band  edge  frequencies.  This 
can  be  done  through  resonant  loss  tuned  to  the  band  edge  frequencies,  or  by  selective  distributed  loss  on  the  circuit. 
Where  resonant  loss  buttons  are  used,  as  shown  in  Figure  10,  the  outer  diameter  of  the  tube  body  is  enlarged.  This 
increases  the  size  and  weight  of  the  tube  and  requires  a larger,  heavier  magnet  structure  as  well.  The  application 
of  distributed  loss,  also  shown  in  Figure  10,  has  been  developed  and  refined  at  Varian  with  the  aid  of  an  elaborate 
mathematical  model.  This  model  is  programmed  on  the  computer,  and  provides  the  necessary  parameters  for  design 
and  construction  of  the  circuit  for  a given  rf  performance. 

The  use  of  distributed  loss  provides  the  minimum  circuit  diameter  and  the  maximum  gain  per  cavity,  thereby 
reducing  the  size  and  weight  of  the  circuit  to  a minimum.  In  addition,  the  attendant  magnet  focusing  structure  is 
reduced  in  size  and  weight. 


B.  THE  FOCUSING  MAGNET 


In  terms  of  size  and  weight,  the  beam-focusing  structure  of  the  TWT  can  comprise  a relatively  small  part  of 
the  tube,  or  can  triple  its  size  and  weight.  One  method  of  focusing  the  beam  is  by  means  of  an  electromagnet,  usually 
called  a solenoid.  Because  of  its  superior  focusing  qualities,  the  solenoid  is  used  where  the  high  average  beam  power 
demands  very  low  body  current.  The  required  magnetic  field  can  be  supplied  by  some  combination  of  the  product  of 
N (turns)  and  I (current).  However,  N also  means  size  and  weight,  while  I requires  some  external  power,  which 
degrades  the  efficiency.  The  size/weight  and  power  required  for  a given  field  vary  inversely,  and  there  is  always  a 
tradeoff  between  those  features.  However,  the  NT  requirement  for  a given  field  is  also  proportional  to  the  area  in 
which  the  field  must  be  maintained  and  the  size/weight  and  power  of  the  magnet  are  proportional  to  length  (gain). 
Therefore,  bringing  the  magnet  as  close  to  the  beam  as  possible  reduces  the  NI  required  by  the  square  of  the  radius. 

The  virtues  of  the  distributed  loss  circuit  loading  now  become  apparent,  as  the  smaller  circuit  size  reduces  both  the 
3ize  and  weight  of  the  solenoid  and  also  the  power  requirement. 

Two  techniques  have  been  employed  to  reduce  the  size  and  power  requirements  of  the  solenoid.  The  first  is  to 
wind  strips  of  aluminum  foil  directly  on  the  tube  body,  or  circuit,  so  that  the  inner  diameter  of  the  solenoid  will  not 
be  limited  by  the  aperture  required  to  clear  the  electron  gun  for  tube  insertion  and  removal.  By  this  means,  tubes 
producing  5 kW  average  at  X-band  have  been  delivered  with  50  dB  gain  in  packages  weighing  less  than  25  kilograms. 

The  alternate  approach  is  to  reduce  the  cathode  diameter.  With  the  application  of  high  voltage  experience,  and  the 
shielding  of  standoff  insulators,  this  technique  has  provided  a TWT  with  an  average  power  capability  of  10  kW  and  a 
peak  power  of  over  50  kW  within  a weight  limitation  of  33  kilograms. 

C.  PPM  FOCUSING 

The  most  attractive  focusing  method  is  PPM  (periodic  permanent  magnet)  focusing.  This  involves  a series  of 
magnetic  field  reversals  along  the  beam  axis  supplied  by  an  array  of  relatively  small  permanent  magnets,  which  provide 
a light  weight  focusing  system  requiring  no  power.  It  has  long  been  applied  to  low  power  tubes  and,  with  the  advent  of 
new  magnet  materials,  the  average  power  level  which  can  be  focused  by  this  method  is  increasing.  Since  this  form  of 
focusing  relies  upon  a series  of  magnetic  lenses,  the  beam  tends  to  scallop  and  to  exceed  the  focusing  forces  as  the  rf 
fields  increase  at  the  output  end  of  the  tube.  The  result  is  Increased  circuit  interception.  This  is  thermally  compounded 
by  the  requirement  for  iron  cavity  walls  to  bring  the  magnetic  flux  into  the  beam.  These  iron  walls,  or  polepieces  as 
they  are  called  because  of  their  magnetic  function,  have  only  about  one  tenth  the  thermal  conductivity  of  the  copper 
normally  used  in  the  cavity  walls  and,  therefore,  also  limit  the  average  power  handling  capability  of  the  tube. 

A solution  to  increasing  the  average  beam  power  which  can  be  focused  is  to  improve  magnet  materials  so  that 
they  have  higher  energy  products  and  produce  high  strength  fields.  This  will  provide  better  beam  transmission  and 
reduce  the  thermal  load  on  the  circuit.  During  the  last  few  years,  a great  deal  of  work  has  been  done  with  rare  earth 
magnets,  particularly  samarium  cobalt  (SmCo).  This  material  produces  focusing  fields  at  least  two  times  that  of 
conventional  magnet  materials  such  as  Alnico.  This  material,  now  available  from  several  sources,  has  resulted  in 
PPM-focused  coupled-cavity  TWTs  such  as  the  VTX-5784  with  1 kilowatt  average  power  output  in  X-band  and  helix 
TWTs  with  500  watts  cw  power  output  at  10  GHz.  Because  of  its  high  energy  product,  a small  amount  of  SmCo  can 
produce  an  adequate  focusing  field.  An  example  of  the  attendant  reduction  in  weight  may  be  seen  by  comparing  both 
types  of  focusing  in  the  VTX-5680,  a 50  kilowatt  peak,  100  watt  average,  coupled-cavity  TWT.  This  tube,  when 
focused  with  Alnico  5 magnets,  weighs  5.3  kilograms;  the  same  tube  focused  with  SmCo  magnets  weighs  only  3.85 
kilograms.  Other  examples  of  the  light  weights  achievable  with  SmCo  PPM  focusing  are  shown  in  Table  I. 

In  addition  to  the  higher  powers  focused  and  the  lighter  weight  achieved,  SmCo  can  improve  reliability.  Most 
magnetic  materials  lose  some  of  their  charge  when  the  mmf  is  shorted,  as  might  occur  when  magnetic  material,  such 
as  tools,  are  accidently  placed  against  the  magnets.  SmCo  returns  to  its  former  strength  as  soon  as  the  perturbing 
material  is  removed,  and  thus  provides  protection  against  one  of  the  common  failure  mechanisms  of  permanent-magnet- 
focused  tubes, 

D.  THE  POWER  BOOSTER 

A recent  breakthrough  in  coupled  cavity  TWT  development  has  been  the  demonstration  of  a low  gain,  high  power 
TWT.  Devices  of  this  sort  in  the  past  have  required  the  same  rf  stabilization  (resonant  or  distributed  loss)  required 


of  high  gain  TWTs.  The  device  recently  demonstrated  at  Varian  has  no  added  loss,  and  is  virtually  transparent  with 
only  about  0.3  dB  total  loss  from  input  to  output.  The  tube  demonstrated  was  a cw  TWT  with  10  kW  of  power  output  in 
the  range  from  7.9  to  8.4  GHz. 

The  tube  is  essentially  a single-section  TWT  and  is,  consequently,  short  compared  to  a 50  dB  gain  tube.  The 
virtue  here  is  that  the  tube  can  be  permanent-magnet-focusod  like  a klystron,  at  much  higher  average  power  than  a 
standard  gain  TWT;  and  because  it  has  no  circuit  loss,  is  capable  of  efficiencies  on  the  order  of  40%  with  a single- 
stage  depressed  collector.  The  tube  can  be  gridded  and  is  expected  to  have  noise,  phase,  and  amplitude  character- 
istics comparable  to  any  high  gain  TWT.  Its  importance  is  in  its  ability  to  be  a transparent  booster  of  output  power 
(7  dB  gain  has  been  demonstrated  and  10  dB  is  predicted)  which  consumes  no  power  except  when  the  increased  output 
is  needed.  Figure  11  shows  data  on  an  experimental  model  which  demonstrate  over  25%  efficiency  without  collector 
depression  and  over  35%  with  single-stage  collector  depression. 

IV.  TRADEOFFS  IN  TUBE  CHARACTERISTICS  FOR  TRANSMITTER  DESIGN 

The  selection  of  peak  power,  average  power,  and  bandwidth  is  largely  determined  by  radar  performance  require- 
ments. These  primary  tube  characteristics,  however,  determine  the  operating  voltage,  the  size  and  weight  of  the 
tube,  efficiency  and  cooling  requirements,  and  thereby  influence  the  entire  transmitter  size  and  configuration.  Further- 
more, the  selection  of  gain  for  the  tube  not  only  influences  the  driver  requirement,  but  also  affects  tube  size  and  weight. 
The  following  discussion  summarizes  the  effect  of  primary  tube  performance  specifications  upon  those  factors  which 
will  most  directly  influence  the  transmitter  configuration. 

Since  most  airborne  radars  operate  at  X-band,  this  frequency  range  is  chosen  for  this  discussion.  An  overview 
of  the  various  coupled-cavity  TWT  configuration  possibilities  is  given  in  Table  I.  This  table  is  limited  to  some  typical 
X-band  coupled-cavity  TWTs  at  50  kW  peak  power,  which  are  specifically  designed  for  airborne  applications.  Curves 
in  Figures  12  to  16  will  further  limit  the  tradeoff  discussion  to  gridded  tubes  with  single-stage  depressed  collectors, 
which  is  the  most  commonly  used  tube  configuration. 

Figure  12  illustrates  the  consequences  of  peak  output  power.  The  most  rapidly  varying  parameter  is  the 
cathode  voltage  required  to  generate  the  electron  beam.  Some  latitude,  however,  is  available  through  the  choice  of 
gun  perveance.  This  parameter,  which  typically  is  about  1.25  x 10-r'  for  the  middle  of  the  peak  power  range  (10  to  50 
kilowatts),  is  variable  within  limits.  Tube  length  and  weight  are  less  rapidly  varying  characteristics.  These  are 
shown  for  an  average  power,  not  exceeding  about  500  watts,  in  order  to  illustrate  the  effects  of  peak  power  only. 


Average  power  output  does  not  influence  cathode  voltage  or  tube  length.  It  does,  however,  determine  the 
choice  of  tube  cooling  design  and  the  method  of  beam  focusing.  Figure  13  shows  the  resulting  effect  upon  tube  weight. 
Above  about  the  one  kilowatt  level,  tube  weight  approximately  doubles  because  of  the  focusing  solenoid  required  to 
provide  better  beam  transmission  for  the  higher  power  beams.  The  focusing  solenoid,  in  addition,  requires  its  own 
input  power,  and  thereby  reduces  the  overall  efficiency  by  one-fourth  to  one-half. 

The  effect  of  tube  bandwidth  is  only  moderate  upon  efficiency  and  tube  physical  characteristics  for  the  usual 
radar  bandwidth  requirement  of  less  than  10%.  As  shown  in  Figure  14,  however,  these  effects  become  considerable 
for  extremely  broad-band  TWTs,  such  as  might  be  used  for  ECM  applications. 

The  only  parameters  significantly  affected  by  choice  of  tube  gain  are  length  and  weight,  as  shown  in  Figure  15. 
Tube  length  increases  much  less  than  linearly  with  gain  in  dB  because  a significant  portion  of  the  tube  (gun  and  col- 
ector) is  not  affected.  Most  tubes  operate  in  the  neighborhood  of  50  dB  gain  in  order  to  provide  sufficient  gain  to 
minimize  the  driver  size  without  too  closely  approaching  the  stability  limit. 

The  effect  of  the  choice  of  the  operating  frequency  band  is  shown  in  Figure  16.  Since  tube  dimensions  must 
relate  to  the  wavelength  of  operation,  the  variations  in  length  and  weight  are  easily  understood.  Because  of  dissipation 
densities,  the  average  power-handling  capability  of  the  tubes  varies  accordingly.  The  power  curve  shown  does  not 
represent  fundamental  limitations,  but  rather  shows  the  current  state-of-the-art  for  PPM  focused  light-weight  tubes. 

It  is  apparent  from  these  data  why  X-band  is  so  often  the  choice  to  provide  sufficient  radar  power,  together  with  a 
reasonably  small,  lightweight  tube  package. 


CONCLUSION 


The  intent  has  been  to  point  out  the  recent  advances  in  the  state  of  the  TWT  art  which  contribute  to  increased 
reliability  and  efficiency  as  well  as  reduced  size  and  weight.  The  Improvements  in  gridded  gun  construction,  such  as 
UNIGRID,  will  increase  tube  reliability  as  well  as  reduce  the  cost.  Use  of  Improved  analytical  techniques  to  Increase 
interaction  efficiencies  and  multiple-stage  collector  depression  will  provide  higher  efficiency  in  system  operation. 
Improved  magnet  materials,  such  as  SmCo,  will  contribute  to  size  and  weight  reduction,  and  reduce  prime  power 
requirements.  The  booster  TWT  is  another  contribution  which  affords  focusing  advantages  while  also  offering  the 
flexibility  of  operating  efficiently  at  more  than  one  power  output  level.  These  advances  will  contribute  to  Improved 
o-  erall  system  performance  in  future  airborne  radars. 
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TABLE  I 

Comparison  of  some  60  kW,  X band,  coupled-cavity  TWTs 
with  5%  to  10%  bandwidth  and  approximately  50  dB  gain. 


TYPE  NO. 

DUTY 

MODULATION 

COLLECTOR 

BEAM 

EFFICIENCY 

(%) 

FOCUSING 

! 

COOLING 

LENGTH 

(cm) 

WEIGHT 

(k|) 

VTX  5680 

0.002 

Cathode 

Undepr. 

20 

PPM 

Conduction 

41 

3.9 

VTX  5783 

0.01 

Grid 

Undepr. 

18.5 

PPM 

Forced  Air 

48 

6.4 

VTX-5784 

0.02 

Grid 

1 -Stage 
Depr. 

30 

PPM 

Coolanol 

50 

6.4 

VTX  5782A 

0.10 

Grid 

1 -Stage 
Depr. 

33 

Solenoid 

Coolanol 

63 

27 

VTX  5782B 

0.10 

Grid 

2-Stage 

Depr. 

40 

Solenoid 

Coolanol 

63 

27 

High  Voltage  Insulator 


A 091 


Efficiency  (V 
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VAR  IAN 
Lossy  wall 
coating  only 


TWT CIRCUIT  LOADING 


era 


COMPARISONS 
Small  ccl  diameter 
Lighter  weight  tube  & magnet 
large  power  handling 
capability  & reliability 
Lower  production  cost 


CONVENTIONAL 
Loss  buttons 


Large  cct  diameter 
Heavier  tube  & magnet 
Power  limited  by 
volume  loss 

More  complicated,  higher 
production  cost 


TWT  circuit  loading 


Fig.  1 1 Booster  TWT  performance 


! 
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Tut*  Voltage.  k V 


Tube  Weight,  kg 


.7.1.9  1 2 3 4 5 6 7 8 9 10  20  30  40  50  60  708090100  200  300  400 

Peak  Power  Output,  kW 

Fig.  1 2 Operating  voltage,  length  and  weight  vs  peak  power  output  for  typical  X-band,  PPM-focused 
coupled-cavity  TWTs  with  gridded  guns  and  single-stage  collector  depression 


Possible  Range 
Normal  Range 


Liouid  Cooling  Ran 


Forced  Air  Cooling  Range 


Conduction  Cooling  Range 


olenoid  Focused  Tube  Weight 


PPM  Focused  Tube  Weight 


0.1  .1$  .2  .25  3 .4  .5.6.7.8.91  0 1.5  2 2 5 3 4 5 6 7 8 910.0 

Average  Power  Output,  kW 

Fig.  1 3 Typical  tube  weight  and  cooling  media  vs  average  power  for  X-band,  coupled-cavity 
TWTs  with  gridded  guns  and  single-stage  collector  depression 


Fig  14  Efficiency,  length  and  weight  vs  bandwidth  for  typical  50  kW,  X-band  PPM-focused  coupled-cavity 
TWTs  with  gridded  guns  and  single-stage  collector  depression 


Fig.  1 5 Length  and  weight  vs  gain  for  typical  50  kW,  X-band,  PPM  focused  coup  led -cavity  TWTs  with 
gridded  guns  and  single-stage  collector  depression  (bandwidth  5 to  10  percent) 
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DISCUSSION 


Does  the  10  dB  booster  TWT  have  sufficiently  low  Internal  noise  for  It  to  be 
connected  between  the  duplexer  and  antenna  of  a radar  system  so  that  It  Is  trans- 
parent to  the  radar  signals? 

The  booster  noise  will  be  within  10  dB  of  the  thermal  noise  level  when  the  booster 
tube  Is  gated  off. 

Do  you  have  any  data  on  reliability  and  life  for  the  booster  and  TWT's? 

We  have  no  life  data  for  the  booster  but  It  should  be  the  same  as  any  other  linear 
beam  tube.  Most  of  the  life  data  on  coupled  cavity  TWT's  Is  from  operation  In 
satellite  communications  ground  stations  where  greater  than  25,000  hours  MTBF  has 
been  achieved.  For  airborne  systems  there  are  no  results  which  exclude  non- 
relevant  failures. 

In  Fig  16  It  seems  to  me  that  the  upper  frequency  Is  limited  to  a value  between 
15  and  20  GHz.  Is  there  a physical  limitation? 

No;  until  now  these  tubes  have  been  designed  for  existing  radar  frequencies. 


BROAD  BAND  MEGAWATT  KLYSTRON  AMPLIFIER 
Utilising  an  overlapping-mode-extended  interaction  output  section 
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SUMMARY 


A description  of  theory,  design  and  performance  of  an  overlapping  mode  extended  interaction  output 
section  for  an  S-band  one  megawatt  pulsed  klystron  amplifier.  The  device  is  shown  to  have  a broader 
bandwidth  performance  than  the  double  tuned  output  version  and  a simpler  construction  than  a hybrid 
tube.  The  theoretical  design  predictions  are  compared  with  the  practical  results. 

1.  INTRODUCTION 

This  paper  describes  the  initial  work  on  a high  power  klystron  amplifier  having  an  overlapping 
mode  extended  interaction  output  section. 

A two  cavity  extended  interaction  resonator  has  two  resonant  modes,  both  of  which  provide 
impedance  to  the  beam.  It  was  first  reported  by  Chodorow  and  Wessel-Berg  (1961)  and  followed  up  by 
Preist  and  Leidigh  (1963,  1964),  Lien  and  Robinson  (1965)  and  by  Sun  and  Dalman  (1968). 

All  these  experimenters  set  the  parameters  of  the  output  so  that  the  beam  interacted  with  just 
one  of  the  resonant  modes.  The  other  resonant  mode  was  tuned  out  of  the  band.  Their  argument  was 
that  the  gain/bandwidth  product  of  a klystron  amplifier  is  determined  basically  by  the  ratio 


|| 

I 


Characteristic  impedance  of  cavity 
Characteristic  impedance  of  beam 

(.  Now  the  characteristic  impedance  of  a cavity  is  proportional  to  the  ratio  of  its  shunt  resistance 
RjhJ  to  its  quality  factor  (Q),  where 

Rsh  a (r.f . gap  voltage)2 
“IJ“  = energy  stored  in  cavity 

Both  the  r.f.  gap  voltage  and  the  energy  stored  in  the  cavity  are  proportional  in  turn  to  the 
number  of  cavities. 

q 

Hence  sh  is  proportional  to  the  number  of  cavities  in  the  extended  interaction  section. 

TJ" 

D 

The  experimenters  showed  that  this  increase  in  sh  was  not  realisable  in  practice,  although  there 

was  an  improvement  on  a single  gap  cavity.  The  output  tended  to  be  unstable  under  typical  operating 
conditions  when  the  nunber  of  cavities  exceeded  three  or  four,  and  even  with  a two  cavity  output  section 
the  unused  mode  tended  to  be  unstable. 

The  overlapping  mode  case  was  studied  theoretically  by  Lien  and  Robinson  (1967).  They  showed 
that  when  compared  with  the  bandwidths  of  other  types  of  resonators  at  a given  maximum  impedance  level 
the  two  gap  overlapping  mode  extended  interaction  resonator  had  a 1.0  dB  bandwidth  advantage  of  four  to 
one  over  a conventional  single  gap  cavity  and  approximately  three  to  one  over  a two  gap,  single  mode, 
extended  interaction  resonator.  However,  they  did  not  produce  a practical  output. 

It  is  believed  that  this  is  the  first  time  that  an  output  using  both  resonant  modes  overlapping 
has  been  used  in  a practical  device. 

The  tube  has  a nominal  operating  voltage  of  75  kV  and  a microperveance  of  2.0.  It  has  a high 
mu  grldded  gun  with  the  following  nominal  grid  characteristics:  cut-off  bias  1.0  kV,  drive  voltage 

2.0  kV  both  relative  to  the  cathode  potential. 


2.  DESCRIPTION 

Fig. 1 shows  a schematic  diagram  of  an  extended  interaction  output.  It  consists  basically  of 
two  simple  klystron  cavities  side  by  side,  electrically  coupled  to  each  other  by  a slot  cut  in  the 
adjoining  wall  and  by  the  electron  beam  which  passes  through  both  cavity  gaps.  The  power  is  coupled 
out  of  the  second  cavity  to  an  output  waveguide  via  an  inductive  iris. 


The  circuit  has  two  modes  of  resonance;  at  one  resonant  frequency  the  voltages  at  the  two 
cavity  gaps  are  in  phase  - this  is  known  as  the  zero  or  two  pi-mode;  at  the  lower  resonant  frequency 
the  voltages  at  the  gaps  are  in  antiphase,  this  is  known  as  the  pi-mode.  When  the  cavity  parameters  are 
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chosen  so  that  the  response  of  both  modes  overlap  in  the  middle  of  the  band,  the  output  Is  known  as  an 
ove-lapplng  mode  extended  interaction  output. 


The  output  can  be  analysed  by  means  of  a straightforward.  Inductively  coupled  equivalent  circuit. 
All  the  parameters  of  this  circuit  can  be  calculated  from  standard  cold  test  measurements.  The  size  of 
the  slot  in  the  adjoining  wall  determines,  to  the  first  order,  the  bandwidth  of  the  response.  The 
loading  Introduced  by  the  output  waveguide  determines,  to  the  first  order,  the  flatness  of  the  response. 
Unlike  a double  tuned  output,  the  frequency  response  Is  not  symetrical  if  the  two  cavities  are  tuned  to 
the  same  frequency.  This  Is  due  to  the  additional  coupling  between  cavities  by  the  electron  beam.  At 

practical  values  of  the  pitch,  which  Is  the  physical  distance  between  the  two  cavity  gaps,  the  phase 
change  along  the  beam  between  the  gaps  favours  the  pi-mode.  This  means  that  the  response  Is  enhanced 
at  the  low  frequency  end  of  the  band.  The  first  cavity  Is  tuned  to  a higher  frequency  than  the  second 
cavity  to  counteract  this  effect. 


If  the  pitch  Is  too  large  the  output  will.  In  theory,  oscillate  at  the  two  pi-mode  frequency. 
The  stability  of  the  output  has  been  Investigated  In  a nuirfcer  of  ways,  all  of  which  agree. 


The  value  of  the  beam  loading  conductance  is  a measure  of  the  cavity's  stability.  If  Its  value 
Is  negative  and  greater  In  amplitude  than  the  conductance  of  the  cavity  with  Its  load,  the  cavity  will 
oscillate  In  a manner  known  as  'monotron  oscillation'.  Lien  and  Robinson  (1965)  derived  an  expression 
for  the  beam  conductance  In  terms  of  the  output  pitch  and  various  standard  beam  parameters,  for  the  case 
where  the  voltages  across  the  two  gaps  are  of  equal  amplitude  and  either  In  perfect  phase  or  anti-phase 
l.e. 


or 


v2  - V,  . 


j2n 


V2  * V 


Jit 


This  assunptlon  does  not  hold  for  the  overlapping  mode  output,  where  the  amplitudes  and  phases 
vary  considerably  across  the  band.  The  beam  conductance  can  be  shown  to  be  given  for  the  general  case 
of 

V2  * R.  Vj  e Jfl 


by 


el 


Go  Pe 


<1  L 

where  the  coupling  coefficient,  M(x),  Is  given  by 


(p.  - i,  ) - ( f.  * H, ) 


M(x) 


i 


where 


e-J(*)  7 + R e Je  eJ(«)  £ 


Is  the  single  gap  coupling  coefficient 
Is  the  output  pitch 


G Is  the  beam  conductance 
0 

Pe  Is  the  electron  beam  propagation  constant 

Pq  Is  the  reduced  plasma  propagation  constant. 

However,  for  an  Initial  understanding  of  stability  It  Is  useful  to  plot  the  electronic  conduc- 
tance for  a pure  pi-  and  pure  two  pi-  mode,  as  shown  In  Fig. 2.  This  shows  that  for  practical  values  of 
pitch,  l.e.  about  30  mm,  any  instability  will  occur  around  the  two  pi  mode  frequency.  It  also  shows 
that  an  output  will  be  maximally  unstable  with  a pitch  of  about  37.5  mu,  and  maximally  stable  with  a 
pitch  of  about  22.5  mm. 


The  above  method  Is  valuable  for  showing  Instability  within  the  band,  but  it  does  not  prove  the 
absence  of  Instability  outside  the  band.  To  do  this  the  output  circuit  was  analysed  using  Nyqulst's 
theorem  which  states  that  when  the  complex  values  of  the  open  circuit  gain  of  a system  are  plotted  on 
real  and  Imaginary  axes,  the  system  Is  stable  If  the  locus  of  the  points  does  not  contain  the  point 
1 ♦ JO  . 


The  Nyqulst  plot  for  various  values  of  pitch  (Fig. 3 a,  b and  c)  shows  that,  outside  tl  band, 
the  gain  falls  off  to  such  an  extent  that  Instability  Is  very  unlikely. 

It  can  be  seen  that  these  plots  agree  very  well  with  Fig. 2.  The  shape  of  the  plot  Is  such  that 
the  output  has  the  greatest  probability  of  being  unstable  when  the  pitch  Is  about  37.5  inn.  The  In- 
stability Is  In  the  two  pi-mode.  The  pi-mode  Is  obviously  very  stable.  The  greatest  stability 
corresponds  to  a pitch  of  about  22.5  mn. 

This  approach  has  the  advantage  that  It  allows  the  effects  of,  say,  reduction  of  beam  voltage  on 
stability  to  be  visualised.  As  the  beam  voltage  is  reduced,  the  beam  Is  slowed  down,  causing  the  phase 
difference  between  gaps  to  Increase  and  the  plot  Is  rotated  clockwise. 

The  bandwidth  of  any  output  circuit  Is  limited  by  the  circuit's  ability  to  present  adequate 
Impedance  to  the  electron  beam  over  the  band.  The  potential  efficiency  bandwldths  of  different  output 
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circuits  are,  therefore,  best  compared  by  contrasting  their  impedance  bandwidths. 

Fig. 4 shows  a plot  of  the  theoretical  impedance  bandwidths  for  a single  resonant  cavity,  a double 
tuned  output,  and  an  extended  interaction  output.  The  plots  show  a bandwidth  for  an  extended  inter- 
action output  of  about  12%,  compared  with  6%  for  a double  tuned  output,  and  3%  for  a single  cavity 
output. 


The  overall  level  of  the  impedance  has  to  be  chosen  carefully  in  the  same  way  the  gap  impedance 
in  the  output  cavity  needs  to  be  set  in  a standard  klystron.  Too  high  an  impedance  will  result  in 
premature  saturation  due  to  the  voltage  across  the  output  gap  becoming  large  enough  to  stop  and  possibly 
reverse  the  flow  of  the  electron  beam.  Too  low  an  impedance  will  simply  result  in  a low  output  power 

and  saturation  will  occur  due  to  lack  of  driving  current  as  the  drive  current  becomes  of  the  same  order 
as  the  beam  current.  In  practice  the  output  impedance  should  lie  between  1.0  and  1.4  times  the  d.c. 
beam  impedance.  The  impedance  characteristic  of  an  extended  interaction  output  can  be  varied  easily 

over  a wide  range  of  values,  by  simply  adjusting  output  parameters  such  as,  say,  cavity  frequency. 


3.  PRACTICAL  RESULTS 

The  complete  tube  has  two  sections,  a buncher  section  and  an  output  section.  To  date,  work  has 
been  concentrated  mainly  on  the  output  section  on  the  assumption  that  when  the  relationship  between 
theory  and  practice  has  been  established  for  the  output  section  a matching  buncher  section  can  be  de- 
signed. The  saturated  output  power  from  a tube  fitted  with  an  extended  interaction  output  section  is 
shown  in  Fig. 5.  The  peak  output  power  is  1.4  MW  (42%  efficiency)  and  the  bandwidth  over  which  the 
output  power  is  greater  than  1.0  MW  (30%  efficiency) is  245  MHz  (8.3%).  The  theoretical  impedance  shown 
is  the  equivalent  impedance  required  by  a single  gap  output  to  deliver  the  same  output  power. 

The  impedance  at  the  ton  end  of  the  band  is  too  large  causing  premature  saturation.  In  the 

middle  of  the  band  the  impedance  is  slightly  less  than  optimum;  saturation  is  due  to  lack  of  drive 
current,  while  at  the  low  end  of  the  band  the  impedance  is  about  optimum. 

The  saturated  output  power  (Fig. 6)  was  obtained  using  a broader  band  extended  interaction  output. 

The  buncher  section  was  unable  to  saturate  the  output  below  fo-85  MHz  due  to  physical  limitations  but  a 

prediction  of  the  output  power  has  been  made  by  assuming  it  would  be  the  same  as  shown  in  Fig. 5 for 
equivalent  values  of  the  theoretical  impedance.  This  output  section  has  a bandwidth  of  400  MHz  (14%) 
over  which  the  output  power  is  greater  than  0.75  MW  (24%  efficiency).  Obviously  the  mid-band  impedance 

is  too  low  so  the  output  power  is  very  much  drive  current  limited.  If  the  perveance  of  the  tube  was 

increased  from  2.0  x 10'6  AV~^'5  to  2.5  x 10*6  AV’^-5,  the  bear  current  would  increase  from  41A  to  51A. 
The  minimum  output  power  would  then  increase  by  the  square  of  the  current  difference  from  0.75  MW  (24% 
efficiency)  to  1.16  MW  (30%  efficiency). 

This  potential  (14%)  bandwidth  at  greater  than  30%  efficiency,  clearly,  puts  the  overlapping 
mode  extended  interaction  output  klystron  amplifier  in  the  same  league  as  the  broadest  band  power 
travelling  wave  tubes  produced. 


4.  CONCLUSION 


This  paper  has  shown  that  the  overlapping  mode  extended  interaction  output  section  is  a stable, 
practical  output  with  efficiency  and  bandwidth  capabilities  comparable  with  any  other  type  of  output 
section.  The  construction  is  simple  and  its  impedance  characteristics  can  be  easily  tailored  by  simple 
adjustments  to  the  output  parameters. 


5.  ACKNOWLEDGEMENTS 


The  authors  wish  to  thank  the  Directors  of  EMI-Varian  Limited  and  the  Ministry  of  Defence 
(Procurement  Executive)  for  permission  to  publish  this  paper. 


6.  REFERENCES 

Chodorow,  M.  and  Wessel-Berg,  T.,  (1961),  'A  high-efficiency  klystron  with  distributed  interaction', 

IRE  Trans.,  ED8.  44. 

Lien,  E.  and  Robinson,  D. , (1965).,  'Study  and  investigation  leading  to  the  design  of  broadband  high 
power  klystron  amplifiers'.  Technical  report  ECOM-01 362-1. 

Lien,  E.  and  Robinson,  D.,  (1967),  'Study  and  investigation  leading  to  the  design  of  broadband  high 
power  klystron  amplifiers'.  Technical  report  EC0M-021 57-1 . 

Preist,  D.H.  and  Leidlgh,  W.J.,  (1963),  'Experiments  with  high  power  CW  klystrons  using  extended  inter- 
action catchers',  IEEE  Trans,  ED10.  201. 

Preist,  D.H.  and  Leidlgh,  W.J.,  (1964),  ’A  two  cavity  extended  interaction  klystron  yielding  65  per  cent 
efficiency,  IEEE  Trans.,  EDIT.  369. 

Sun,  C.  and  Dalman,  G.C.  (1968),  'Large  signal  behaviour  of  distributed  klystrons,  IEEE  Trans.  ED15,  60. 


Fig. 6 Saturated  output  power 


DISCUSSION 


A J DUNI-OP: 
M J SMITH: 


Can  you  reduce  the  Impedance  variation,  and  hence  Increase  the  broadband  power 
level,  by  using  more  sophisticated  coupling  between  the  cavities? 

The  Impedance  can  vary  by  about  1.5  to  1 about  the  optimum  (for  maximum  efficiency) 
without  affecting  the  value  of  efficiency  very  much.  The  circuit  described  enables 
us  to  achieve  this  impedance  over  a greater  bandwidth  than  can  be  obtained  with 
conventional  single  gap  circuits  without  sacrificing  stability.  It  may  be  possible 
to  Increase  the  bandwidth  further  by  using  three  coupled  cavities  but  we  have  not 
yet  investigated  whether  this  can  be  done  and  still  retain  stability. 
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SUMMARY 


A new  type  of  polarization  phase  shifter  is  described  which  has  been 
developed  for  a habour  radar*  It  employs  the  inherent  reactance  of  the  PIN  diode  in 
a loaded-line  type  structure  to  produce  the  desired  phase  shift.  Low  impedance  ridged 
waveguide  and  large  volume  diodes  are  used  resulting  in  a design  capable  of  conside- 
rably higher  power  handling  capacity  than  has  so  far  been  reported  for  diode  phase 
shifters  in  X-Band.  At  the  same  time  the  advantages  of  fast  switching  and  low  tempera- 
ture sensitivity  compared  with  presently  available  ferrite  phase  shifters  have  been 
re  ta ined . 

Approximate  design  equations  are  given  and  the  limitations  of  the  circuit  are  discus- 
sed. In  the  experimental  section  measurements  made  on  several  phase  shifters  with 
power  handling  capacities  of  at  least  70kW  at  9GHz  are  presented.  A bifurcation  techni- 
que is  described  which  may  be  used  to  raise  this  power  level  to  at  least  l^OkW,  whilst 
calculations  indicate  that  levels  of  up  to  400kW  are  feasible. 


1.  INTRODUCTION 


Recent  investigations  have  shown  that  a two-frequency,  two-polarization 
diversity  radar  can  improve  the  signal-to-clutter  ratio  for  seaborne  targets  by  up  to 
3dB.  A diversity  system  of  this  type  has  been  incorporated  into  a 9GHz  coastal  radar 
designed  to  control  traffic  on  the  Jade  bay  in  northern  Germany.  In  this  radar  the 
transmitter  power  is  split  into  two  channels  and  fed  to  an  array  of  220  radiators  con- 
taining two  orthogonal  launchers.  Horizontal,  vertical  or  circular  polarization  may  be 
selected  by  appropriately  varying  the  phase  relation  between  the  two  channels  with  an 
electronically  controlled  phase  shifter.  In  order  to  prevent  the  phase  shifter  insertion 
loss  from  causing  an  ampl i tude^imbalance , the  180  ghift  required  is  produced  by  a 
combination  of  two  variable  90  bits  and  a fixed  90  section,  (see  fig.  l).  Since  each 
channel  transmits  about  30kW,  a ferrite  phase  shifter  would  normally  be  required; 
however,  in  order  to  avoid  problems  with  temperature  stability  and  switching  speed 
associated  with  ferrite  devices,  a diode  phase  shifter  was  chosen.  In  this  paper  the 
problems  encountered  during  the  development  of  this  device  are  discussed. 


2.  CIRCUIT  DISCUSSION 


2.1 


Basic  concept 


Due  to  the  high  peak  power  requirement  a waveguide  circuit  based  on  the 
loaded  line  model  shown  in  fig.  2 was  selected.  For  a loss-free  circuit  the  para- 
meters Rq,  Zq  and  X are  related  to  the  mid-band  phase  shift  20  by 


X-  R„  col  i<f>) 
H„-  Ro  cos  (^) 


At  low  frequencies  the  change  between  the  two  reactances  *JX  and  -JX  is  produced  by 
short-  or  open-circuiting  an  eighth  wave  long  transmission  line  of  impedance  X with  a 
PIN  diode;  however  in  X-Band  the  parasitic  reactance  of  the  diode  is  so  low  that  this 
is  no  longer  possible.  In  this  work  the  change  was  produced  by  adding  a series  reac- 
tance JX(  to  the  PIN  diode  impedance  in  the  "on"  and  "off"  states  where  is  given  by 


X 


s 


z 


(2) 
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resulting  in  a switched  impedance  of 

♦ I ( ipn  Xpd) 

-J  2 


(3) 


For  large  PIN  diodes  with  breakdown  voltages  in  the  1500V  range,  this  impedance  is  of 
the  order  18-50  ohms  in  X-Hand|  thus  from  equ.(l)  a transmission  line  impedance  R of 
the  same  level  or  lower  is  required  to  produce  a ohase  shift  of  90°  or  less  between 
the  two  states.  These  low  levels  are  convienlently  produced  in  waveguide  using  a 
ridged  structure*.  Initially  a single  90°  bit  was  constructed,  but  because  of  problems 
with  bandwidth  and  VSWR,  the  design  was  extended  to  2,  3 and  bit  versions. 


2.2  PIN  diode  circuit 


The  equivalent  circuit  used  for  the  PIN  diode  is  shown  in  fig.  3a)  where 
C is  the  package  capacitance,  L the  package  inductance  and  C the  junction  capaci- 
tRnce.  R is  the  Junction  resiatSnce  and  R the  residual  resistance  in  the  two  states 
R ,♦  0 and  R . * The  reactance  variation  in  X-Band  for  a diode  with  the  measured 
parameters  d * O.bpF,  C = 0.23pF  and  L = 0.8lnH  is  show^  in  fig.  3b).  The  diode 
parameters  wdre  establisRed  using  an  insBrtion  loss  method3.  For  a loss-free  diode 
(i.e.  Rg»0)  the  series  impedance  required  to  equalize  the  diode  reactance  is 


•OS 


air 


“Lr-  ST, 
(Uzf  'u‘Lrcr ) 


m 


resulting  in  a switched  reactance  of 


d 2uCj(l-uaLPCf  )(tt  |e-  .ui  LpCp) 

Here,  as  will  be  the  case  for  moat  high  power  diodes  in  X-Band,  X is  negative,  indi- 
cating a capacitative  series  reactance  is  required.  This  reactance  may  be  introduced 
by  a short  transmission  line  as  in  fig.  4a)  of  impedance  Z and  electrical  length  0° 
where  ° 


Xs  - la  tan  (&)  (6) 

Having  found  the  value  of  X^  the  main  line  impedance  is  then  selected  to  obtain  the 
desired  phase  shift  using  equ.(l).  This  approach  has  the  advantage  that  the  diodes  are 
in  direct  thermal  contact  with  a large  heat  sink,  but  it  has  the  drawback  that  every 
bit  must  be  the  same  size,  as  determined  by  the  main  line  impedance.  An  alternative 
method  of  equalization  is  shown  in  fig.  4b)  which  is  more  versatile,  but  has  the  dis- 
advantage that  an  additional  thermal  resistance  is  introduced  between  the  diode  and 
the  ridge.  If  the  diode  impedance  in  the  "on"  and  "off"  states  is  JXQn  and  jXQff  res- 
pectively, then  the  equalized  impedance  at  the  ridge  will  be 


- , (X,n«Z.tonlO))  - >Zafan(8)) 

*'"(»»>  A"'(o(()  ° (l„  - X„to"<9>)  ° (to-Xoj (tonlfl)) 


(7) 


Rearranging  to  express  Zq  in  terms  of  0: 


2 

° 2ian(0) 


- Xon  *oH  • 0 


(8) 
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This  aquation  may  ba  used  to  determine  the  line  parameters  required  for  a particular 
switched  impedance | taking  the  diode  in  fig.  (3)  as  a specific  example,  the  following 
table  results! 


0° 

N 

0 

£ 

Xin(on) * Xin(off ) (Jfl) 

10 

6.33 

53.32 

15 

9.79 

55.53 

20 

13.66 

58.96 

25 

18.  13 

64.05 

30 

23.46 

71.49 

35 

30.00 

83.  39 

40 

38.17 

98.50 

As  can  be  seen  this  form  of  equalization  is  well  suited  to  producing  the  relatively 
high  impedance  levels  required  by  small  bits,  and  is  thus  complementary  to  the  first 
method . 


2.3  Insertion  loss 


The  three  main  sources  of  insertion  loss  are  line  lose,  reflection  loss 
and  diode  loss.  In  general  the  diodes  will  contribute  the  major  part  of  the  loss  if  the 
waveguide  transformers  are  well  designed. 

An  expression  for  the  mid-band  Insertion  loss  may  be  obtained  in  terms  of  the  phase 
shift  20  and  the  equalized  Q factor  £X  /R • ) where  R1  is  the  effective  series  resistance 
in  the  two  bias  states.  For  R^  « Rq  the'insertion'loss  of  a single  bit  is  given  by 


<x~  tDfjU*  (9) 

This  result  indicates  that  a cascade  of  small  bits  in  a low  loss  line  has  a lower  in- 
sertion loss  than  a single  large  bit.  Since  the  power  handling  capacity  may  be  increa- 
sed by  increasing  the  number  of  bits,  this  means  the  insertion  loss  is  nominally  inde- 
pendent of  the  power  handling  capacity. 


2.4  Bandwidth 


The  bandwidth  of  a loaded  line  phase  shifter  for  a given  insertion  loss 
or  reflection  coefficient  is  restricted  by  two  factors)  the  deviation  of  the  electrical 
separation  of  the  diodes  from  the  ideal  A/4,  and  the  deviation  of  the  shunt  reactances 
from  the  centre  frequency  value.  Other  restrictions,  such  as  the  guide  bandwidth,  are 
unimportant  by  comparison.  In  most  practical  applications  involving  bandwidths  of  a 
few  per  cent  the  restriction  caused  by  the  line  length  variation  is  much  smaller  than 
that  due  to  the  shunting  reactances;  consequently  the  problem  of  increasing  bandwidth 
resolves  into  one  of  minimizing  this  dependence.  This  in  turn  is  a problem  of  choosing 
the  best  equalization  method,  since  there  is  no  way  of  reducing  the  variation  of  the 
diode  reactance  itself.  The  optimum  method  of  equalization  is  with  a lumped  element, 
but  in  practice  a transmission  line  equivalent  must  be  used.  For  mechanical  reasons  a 
line  > A /2  is  required,  thus  introducing  an  additional  bandwidth  restriction.  The 
actual  bandwidth  available  depends  on  the  diodes  and  the  size  of  the  largest  bit.  For 
a single  bit  with  a total  phase  shift  under  45  the  centre  line  impedance  can  be  made 
equal  to  the  main  line  impedance  R without  a significant  increase  in  the  insertion  loss. 
In  this  case  the  reflection  loss  i2  given  in  terms  of  R /X  by 


a.  - 


iOloj(U  £ 


( 10) 
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Due  to  the  4th.  power  function,  the  loss  increases  rapidly  as  X-wRq.  For  example,  if 
the  diode  reactance  in  fig.  3b)  ig  connected  in  aeries  with  a line°136°  long  and  of 
impedance  70  ohm  and  used  in  a 45  bit,  the  following  loss  and  phase  shift  results:- 


f (GHz) 

J (ohm) 

dB 

degrees 

X 

on 

Xoff 

°*on 

“off 

A 0° 

8.8 

28.9 

-57.1 

0.20 

0.01 

56 

8.9 

37.  3 

-51.9 

0.07 

0.01 

49 

9.0 

45.7 

-46.9 

0.03 

0.02 

46 

9.  1 

54.4 

-42.0 

0.01 

0.04 

44 

9.2 

62.2 

-37.2 

0.00 

0.08 

46 

Note  that  the  resistive  loss  is  not  included!  this  may  be  estimated  from  equ.(9),  and 
will  generally  increase  the  above  loss  as  the  Q factor  fails  toward  the  band  edges. 


2.5 


Power  handling  capacity 


There  are  two  separate  limitations  on  the  power  handling  capacity  set  by 
the  average  power  and  the  peak  power  levels.  In  the  first  case  the  maximum  average 
power  Pq  may  be  written  in  terms  of  the  diode  dissipation  Prf  as  follows: 


_5ta 

tan  (.$) 


(11) 


Where  20  is  the  phase  shift  and  Q the  equalized  diode  Q factor  at  mid  band.  P is  a 
diode  parameter  if  a good  heat  sink  is  provided,  and  is  about  10W  for  large  PIN  diodes 
Thus  a 22°  bit  would  be  able  to  handle  an  average  power  of  up  to  lkW  for  a diode  Q 
factor  of  20. 

Peak  power  handling  is  limited  by  the  reverse  bias  junction  breakdown  voltage  for 
short  pulse  lengths.  The  input  power  corresponding  to  a voltage  VQ  across  the 
junction  is  given  by 


I * uC  ^ 

• 4tun(0>  ( 1 - u2  lrCp 


(12) 


'■  2 

As  can  be  seen  the  package  resonance  u » ^ has  the  effect  of  increasing  the  peak 

power  handling.  This  effect  was  clearly  p p observed  during  the  experimental  work, 
although  it  should  be  noted  that  it  cannot  be  used  to  obtain  an  arbitary  increase  in 
power  handling  due  to  bandwidth  problems  and  the  risk  of  voltage  breakdown  inside  the 
diode  package7. 


3.  PHYSICAL  CONSTRUCTION 


The  construction  of  a single. two  diode  bit  is  shown  in  fig.  5.  It  consist 
of  a section  of  ridged  waveguide  matched  to  the  main  line  by  Tchebyschev  transformers. 
A ridge-to-guide  width  ratio  of  sii«0,85  was  chosen  since  this  results  in  a minimum  im- 
pedance level  for  a given  guide  height.  The  dimensions  j|f  the  ridge  and  transformers 
were  calculated  from  published  data  on  ridged  waveguide  . Although  this  data  is  appro- 
ximate in  nature,  it  was  found  possible  to  construct  transformers  down  to  about  13  ohm 
with  an  insertion  loss  under  0.2dB  and  a VSWR  leas  than  1.1:1  over  a 1231  band  around 
9GHz.  The  lower  limit  on  the  line  impedance  is  set  by  the  possibility  of  voltage  break 
down  between  the  ridge  and  the  guide  wall.  Fig.  (6)  indicates  the  maximum  power  hand- 
ling capacity  for  ridged  guide  in  X-Bmd  assuming  air  breakdown  voltages  of  3 and 
1.5kV/mm  and  an  s/a  ratio  of  0.85.  This  indicates  that  a power  level  of  60-100kW  can 
be  transmitted  when  allowing  for  a safety  factor  of  2 in  the  air  breakdown.  In  the 
construction  of  fig.  (5)  the  diodes  are  mounted  directly  in  the  ridge  and  the  reac- 
tance equalized  with  a section  of  70  ohm  line  electrically  short  circuited  with  a 
three  section  bias  filter.  Fig.  (7)  shows  a photograph  of  an  eight  diode  90°shifter. 

In  this  device  the  diode  reactance  was  equalized  with  short  mounting  posts,  and  de- 
coupled with  filter  sections  as  before.  In  both  cases  a 20  ohm  guide  was  used  and 
matched  to  the  main  line  with  a three  section  transformer.  Matching  screws  mounted 
over  the  centre  step  allowed  the  VSWR  to  be  reduced  to  better  than  1.3:1  over  the  band 
8.4-9.6GHZ. 
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EXPERIMENTAL  RESULTS 


In  thin  work  00°  phase  shifters  were  constructed  to  cover  the  band  o 

8.8  - 9.2GHz  with  a peak  power  of  30kW  and  a mean  power  of  70W.  Initially  a single  90 
bit  was  constructed  with  Unitrode  UM7020  diodes  and  tested  up  to  50kW  peak  with  a 
0.2|is  pulse  at  1 kHz  PRF.  A reverse  bias  current  of  5pA  per  diode  was  measured  at  this 
power  level.  This  result  compares  well  with  the  calculated  power  handling  capacity  of 
S4kW  peak.  The  development  of  this  device  was  not  pursued  as  the  useable  bandwidth  was 
too  small,  and  additional  phase  shifters  using  4,  6 and  8 diodes  were  constructed. 

Fig.  8 shows  the  insertion  loss,  phase  shift  and  reflection  coefficient  for  the  six 
diode  version. 

The  phase  shifter  shown  in  fig.  6 used  1600V  Unitrode  UM7016  diodes  having  C.^lpF, 
L>0.)nH  and  C =0  (this  latter  value  is  a result  of  the  bonded  glass  construction 
uSed  by  UnitroHe).  From  the  previous  discussion  a peak  power  handling  capacity  of 
about  lbOkW  would  be  expected.  A power  test  was  carried  out  with  a 0.2  ps  pulse,  1kHz 
PRF  generator  up  to  70kW  without  any  measurable  change  in  reflection  coefficient  or 
insertion  loss.  A similar  8 diode  phase  shifter  was  constructed  in  C-Band  at  5.5GHz. 

In  this  case  the  power  handling  capacity  was  calculated  to  be  about  99kW,  (lower  than 
X-Band  due  to  the  higher  line  impedance  required  to  produce  the  same  phase  shift). 

Fig.  9 shows  the  variation  of  insertion  loss  as  the  power  was  increased.  As  can  be 
seen  there  is  evidence  of  limiting  above  65kW,  a rather  lower  level  than  calculated. 
This  discrepancy  is  probably  due  to  the  diodes  being  more  closely  coupled  in  the  "off" 
state  than  in  the  "on"  state,  since  the  equalization  transformers  were  experimentally 
trimmed  to  give  approximately  equal  insertion  loss  in  the  two  states.  Since  the  diode 
Q factor  is  highest  in  the  "off"  state,  this  will  be  used  to  produce  a larger  part  of 
the  total  phase  shift  than  the  "on"  state  - thus  reducing  the  peak  power  handling. 

For  the  same  reason  the  power  handling  varies  with  frequency. 


5.  POWER  HANDLING  LIMITATIONS 


As  mentioned  previously,  the  absolute  power  handling  capacity  is  limited 
by  the  smallest  bit  size  and  by  flash-over  in  the  guide  for  a given  diode.  When  this 
limit  has  been  reached,  a further  3dB  increase  may  be  obtained  by  bifurcating  the  guide 
and  using  two  shifters,  os  shown  in  the  diagram  in  fig.  10.  Experimental  measurements 
have  shown  that  this  system  adds  negligibly  to  the  insertion  loss. 


6.  CONCLUSIONS 


A low  loss  waveguide  phase  shifter  using  standard  high  power  PIN  diodes 
has  been  described  which  is  capable  of  handling  peak  powers  of  at  least  70kW.  By 
reducing  the  bit  size  below  22  , and  using  the  bifurcation  technique,  a peak  power 
handling  level  of  about  400kW  is  at  least  theoretically  possible. 
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DISCUSSION 

In  your  conclusions  you  mention  a future  possibility  of  400  KW  peak  power, 
will  be  the  associated  bandwidth? 

At  that  power  141  can  be  expected. 

What  la  the  switching  time  of  this  type  of  phase  shifter? 

Between  0.1  and  2 pS,  depending  on  the  diode  carrier  lifetime. 
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RESUME 


Le  ddveloppement  des  dquipements  aux  longueurs  d'onde  mil  1 imdtriques  depend  en 
particulier  do  l'obtention  de  composants  et  dispositifs  de  caractdrist iques  satisfaisan- 
tes,  de  conception  simple  et  reproductible,  et  corrdlat ivement  d'un  coGt  raisonnable. 
L'objet  de  cet  exposd  est  de  ddcrire  quelques  nouveaux  composants  et  dispositifs  qui  peu- 
vent  rdpondre  aux  critdres  gdndraux  dnoncds  ci-dcssus. 

On  montrera  que  les  technologies  microdlectronique  largement  utilisdes  aux  lon- 
gueurs d'onde  cent imdt riques  et  qui  permettent  la  suppression  des  dldments  de  raccorde- 
ments,  la  diminution  des  rdglages,  la  reduction  des  encombrement s et  souvent  des  prix, 
dans  le  cas  des  grandes  series  en  particulier,  et  une  meilleure  reproduct ivitd , sont  lar- 
gemcnt  cxtrapolables  aux  longueurs  d’onde  m il 1 imdt riques . 

Un  nouveau  rdsonateur,  du  type  d idlectrique , dont  la  stability  en  temperature 
est  voisine  de  celle  de  l'Invar  (10  "/"C)  , sera  prdsentd.  De  nouveaux  composants  non  rd- 
ciproques  3 ferrite,  du  type  3 jonction  et  mode  "de  bord",  en  onde  mi  1 1 imdt rique , dont 
les  caractdr ist iques  de  largeur  de  bande  sont  trds  amdliordes,  seront  ddcrits. 

Dans  le  domaine  des  composants  actifs,  l'intdret  respectif  des  matdriaux  semi- 
conducteurs  de  base dont  le  Si,  1'AsGa  et  1'InP  pour  la  rdalisation  de  diodes  en  particu- 
lier sera  discutd. 

Des  transposeurs  de  rdception,  d'dmission,  ainsi  que  des  duploxeurs  dtat  soli- 
de  originaux  seront  prdscntds.  Ces  sous-ensembles  fonctionnels  sont  les  dldments  essen- 
tiels  constitutifs  des  dquipements  mi  1 1 imdt riques  , dont  les  Radars. 


I - INTRODUCTION 

Depuis  quelque  temps,  1 ' ut i 1 i sat  ion  des  ondcs  m i 1 1 imdt r iques  a susoitd  un  re- 
gain d'intdrSt  pour  de  nombreuses  applications  civilcs  et  militaires.  Dans  ce  dernier 
domaine,  des  dtudes  de  radiomdtre  et  de  radar  destinds  3 la  surveillance  des  champs  de 
bntaille,  3 1 'altimetrie,  3 1 ' ant i -co 1 ! i s i on  adricnno,  an  guidage  terminal  des  avions  et 
missiles  Air-Enl,  a la  poursuite  d ' hdl icopt 6rc  par  la  mesure  de  l'effet  doppler  des  pa- 
les, etc...,  sont  effectudcs  dans  de  nombrcux  laboratoi res . 

Cependant,  ces  nouveaux  dquipements  en  ondcs  mill imdt riques  ne  pourrent  vr.ii- 
ment  se  ddveloppcr  que  si,  non  seulerjnt  lour  faisabilltd  d’emplo:  C't  dcmontrde,  mats  : 
condition  cgalement  que  leur  coGt  soit  raisonnable,  et  que  le  travail  restant  3 effectual" 
concernant  les  composants  on  gdndral,  et  la  simplification  technique  de  ccux-ci  en  pntti- 
ct'lier,  soit  poursuivi. 

Lc  but.de  l'exposd  est  ile  ddcrire  quelques  nouveaux  dispositifs  ou  sous-cnscin- 
bles  susceptibles  d'etre  employds  dans  des  futurs  systdmes  en  ondcs  m i 1 1 imdt riques . 

II  - CONSTITUTION  GF.Wr.KM  t DES  SOUS  ENSEMBLES 

Quels  que  soient  les  systemes,  et  par  suite,  les  types  d'dquipcment  3 rdaliser, 
ceux-ci  sont  obi igatoi rement  constituds  par  des  sous -enscrab 1 es  fonctionnels  (dmission, 
rdception,  dupiexage,  etc...)  comprenant  eux-mdmes  des  composants  dont  1 ' assoc  in t i on  en- 
tre  eux  sous  forme  de  dispositifs  ddpend  de  1 'appl i ca t ion  eneisagee  et  des  caractdr ist i 
ques  gdndrales  reeherchdes. 
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La  mise  au  point  d'un  sous-ensemble  portera  done  3 la  fois  sur  une  dtude  parti- 
culidre  dc  composants  6 lemcntai res  et  complexes,  et  sur  la  mise  en  oeuvre  de  ceux-ci. 

La  figure  1 montre  dans  le  cas  gdndral  de  sous-ensembles  rdeeption,  emission  et 
duplexage  en  ondes  m i 1 1 imdt r iques  , les  divers  points  techniques  qui  seront  examines  ci- 
apres . 

1 1 1 - COMPOSANTS  ELEMENTA 1 RES  EN  ONDF.S  MI LLIMETR IQUES 

3.1. -  Lignes  microbandes  en  ondes  mi  1 1 imet r iques 

Dans  le  but  de  reduire  au  maximum  les  dimensions,  de  supprimer  les  raccorde- 
ments  par  bride  et  fiche,  de  diminuer  les  couts,  la  faisabilite  de  rdaliser  plusieurs 
circuits  en  ondes  m i 1 1 imdt r iques  sur  un  meme  substrat  iruc  rod  1 ec  t ron  ique  a dtd  recherchee. 
Dans  certains  cas  egalement,  la  possibilite  d'associer  des  substrats  ceramiques  et  des 
substrats  gyromagnet iques  a dtd  demontree. 

La  figure  2 donne  les  types  de  substrats  choisis  et  succ inctement  la  techno- 
logic de  realisation  employee. 

La  figure  3 donne  les  dimensions  et  caracteri st iques  essentielles  des  lignes 
microbande  que  nous  utilisons,  ainsi  que  celles  des  transitions  de  guide  rectangulaire 
TE0]  3 ligne  microbande  quasi  TEM. 

3.2. -  Rdsonateurs  didlectriques 

Les  precisions  mdcaniques  requises  pour  les  structures  de  filtres  en  guide 
d'onde  rectangulaire  ou  circulaire  ainsi  que  les  difficultds  de  mise  au  point  et  de  rd- 
glage  nous  ont  incites  3 rechercher  une  solution  plus  simple,  utilisable  en  technologie 
microe lectronique , et  corrdl at ivement  moins  encombrantc. 

Ce  nouveau  composant  de  base  du  type  rdsonnant  , qui  n dtd  dtudid,  esl  fondd 
sur  l'eraploi  de  matdriaux  didlectriques  dont  le  volume,  la  permittivitd  et  la  tangente 
de  pertes  didlectriques  ddterminent  les  caractdristiques  dlectriques  essentielles  du  re - 
sotiateur.  Cc  type  de  rdsonatcur  est  inaintenant  connu , mais  son  emploi  aux  longueurs  d'on 
dc  m i 1 1 imdt r i ques  d'une  part,  avec  une  stnbilitd  en  temperature  sat i sfaisantc  d'autre 
part,  n'avait  pas  encore  dtd  envisage. 

Les  resonateurs  que  nous  ddcrivons  sont  constituds  par  une  association  coa- 
xial e ou  superposde  de  plusieurs  matdriaux  didlectriques  Ccn  gdndral  deux)  dont  les 
coefficients  dc  temperature  sont  de  signe  oppose. 

La  figure  4 donne  les  caractdristiques  dlectriques  aux  ondes  mil  1 imdtr iques 
d que Iques  matdriaux  didlectriques  qui  ont  dtd  particul idrement  dtudids  3 L.T.T.  pour 
lour  emploi  dans  des  rdsonateurs  (les  valours  des  caractdristiques  d u TiO,  sont  donndes 
3 tit  re  de  comparai son) . 

La  figure  5 donne  un  excmple  de  realisation  dc  deux  resonateurs  vers  10  Cllr 
et  de  leur  montage  sur  un  substrat  mi  croc lec t ron  ique . On  voit  que  les  variations  do  la 
frdquence  de  rdsnnance  en  fonction  dc  la  tempdrature  sont  infdrieures  a 2 ppm.  Une  reali- 
sation plus  recente  utilis’dnt  les  matdriaux  L.T.T.  d721  et  9101  a pormis  d'obtenir  une 
variation  de  la  frdquence  en  fonction  de  la  tempdrature  tres  voisine  et  ineme  infdrieure 
3 la  variation  dc  frdquence  cor  respondent e des  cavitds  rdsormantes  en  material!  Invar. 

7.3. -  Circulateurs  et  isolateurs 


Ccs  disposi til's  non  reciproquos  sont  ddsormais  devenus  ind  ispensab  les  dans 
tons  les  equipements  hyper  frequence.  Dans  le  domainc  des  ondes  mi  1 1 imdtriquos , nos  prin- 
cipalos  preoccupations  concernaienf  1 'dlargissement  de  la  bandc  passnnte  des  circulateurs 
en  technologic  guide  d'onde  rectangulaire  et  la  fnisabilitd  dc  reaiiser  des  circulateurs 
3 i one t ion  en  technologie  microdlcctronique,  ainsi  que  des  isolateurs  et  circulateurs  i 
mode  "de  bord". 

3 . . I . - 0 i r c u ] a t eu rs_3_gu ide_d^onde_redf angul a ire_3_l a rgc_bande 

l.’dtude  do  1 ' dla rgissement  de  la  bandc  passnnte  des  circulateurs  u guide 
d'onde  rectangulaire  a pOrtd  cssentiel  1 ement  sur  un  choix  dimensionnel  et  reproductible 
de  la  structure.  L'cmploi  de  matdriaux  gyromngndt iques  sdlectionnds  preal ublement  du 
point  do  vue  <les  caractdristiques  statiques  et  hyperf i dquence  (4  alls,  e , n , tg  6 , 111), 

ainsi  que  les  precautions  prises  au  montage  des  divers  Clements  constitutifs  des  c i rcu ! a - 
tours,  ont  pormis  on  particulior  de  reaiiser  des  circulateurs  3 hautes  performances  sans 
auctfn  rfiglojie  ni  ajustement  extdrieur  uprfis  montage. 

Les  caractdristiques  dlectriques  d’un  circulateur  qui  vient  d'etre  industria- 
lise i L.T.T.  sont  donne es  ci-dessous  i title  d'e\emplc  : 

Bnndo  passante  : 

A 1 1 aib I i s sament  d ' insert  ion  par. 
po  i t e 


3 4 ,3  3 43,3  Gil',  (baiule  passante  * 

1 1 (lltc) 

s 0,3  dB 
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Ddcouplage  entre  portes  adjacentes  : > 20  dB 

Taux  d'ondes  st at ionnai res  : < 1,20 

Gamme  de  temperature  : - 40  3 + 70°C 

Dimensions  hors  tout  : 36  x 36  x 40  mm 

Ces  circulateurs  ne  comportant  pas  de  rdglage  externe  par  vis  ou  transforma- 
teur  par  exemple,  se  pretent  part icul idrement  bien  3 une  integration,  comme  il  est  montrd 
sur  la  photo  de  la  figure  6. 

3.3.2. -  Circulateurs_a_ionct ion_en_technologie_microeiectronigue 

Dans  ces  circulateurs,  les  transformateurs  d'adaptation  de  la  jonction  pro- 
prement  dite  sont  realises  directement  sur  le  substrat  ferrite.  Les  caractdrist iques  du 
dispositif  realise  sont  relativement  modestes,  comparat ivement  aux  circulateurs  en  tech- 
nologie  guide  d'onde. 

II  a cependant  ete  possible  d'obtenir  des  a f faibl issement s inf6rieurs  3 1 dB 
pour  un  decouplage  sup6rieur  3 20  dB  dans  une  bande  passante  de  32  3 40  GHz. 

La  dimension  hors  fiches  et  hors  aimant  du  circulateur  est  par  contre  par- 
ticulidrement  faible  : 0,2  x 5 x 5 mm. 

3.3.3. -  I solateurs_et_circu^ateurs_3  modes  "de  bord" 

L'emploi  des  ondes  electromagnet iques  "de  bord"  (edge  mode)  a probablement 
SiS  une  des  plus  grandes  dfcouvertcs  de  ces  dernieros  anr.6es  dans  le  domaine  des  dispo- 
sitifs  non  reciproques  gyromagn6tiques . La  Soci6t6  L.T.T.  qui  a pris  une  grande  part 
dans  ccs  recherches,  a pu  d6vclopper  jtisqu'3  des  frequences  de  l'ordre  de  18  GHz  des  iso- 
lateurs  couvrant  line  bande  passante  atleignant  2,5  octaves  et  meme  plus. 

II  nous  a done  semblS  part icul i Sretncn t intfirossnnt  d'dtudier  la  faisabilite 
de  ces  nouveaux  composants  aux  longueurs  d'onde  mil limStrtques.  La  figure  7 montre  3 la 
fois  la  structure  simplifieo  d'un  isolateur  r6alis6  et  les  caractfir i st iques  obtenues  3 
ce  jour.  Les  reSUl tats  qui  sont  prdsentfis  provionnent  d’dtudes  trds  rficentes  et  seront 
ceitainement  trCs  am61ior6es  d'ici  pen. 

La  photo  do  la  figure  8 inontre  tin  cxempie  de  circulateui  multi-portes  (8)  3 
modes  "de  bord"  rSalisS  3 la  frequence  de  35  Gllz;  cc  dispositif  est  en  cours  d'fitude.  Ln 
largeur  de  bande  3 1 dB  do  perte  d'insertion,  qui  est  de  l'ordre  de  300  MHz,  est  encore 
trop  faible,  mais  ce  circulateur  s'avbrc  d&s  maintenant,  par  sa  simplicity  e;  probable- 
ment  son  prix,  d'un  ires  grand  intdret,  par  exemple,  en  .issociation  avec  des  filtres, 
pour  la  realisation  de  dispositifs  multiplexagc  et  Jdmul t iple cage  de  cananx  separfis  de 
t.  ranSm  i SS  i on, 

3.3.4. -  isolatours.et_circulateurs  miniatures  3 paramStrcs  localises 

l.a  figure  0 montre  un  circulateur  de  tr3s  faible  encombrcinent  dont  la  jonc- 
tion n s t iCaliree  par  des  paramStres  localises,  self  - capacity.  Les  pro;: rf  s cnrcgistifs 
inns  la  technologic  microelec t rOni quo  hybridc  ont  permis  de  ryaliser  des  circulateurs  et 
isolateurs  fonctionnant  dans  diverscs  baiides  do  frequences  comprises  outre  10  ct  2000 Ml ! ' • 
Ces  nouveaux  composants  soiit  facilement  int€grablcs.  .et  leur  utilisation  est  actuel le- 
nient pi  evue  en  grande  quantity  dans  les  divers  sous-cnseiablcs  3 frfquence  i ntcrmdd  i a i re . 

3 . -1 . - Composants  act  i f s 

l.es  composants  actrOs  utilises  dans  les  equipements  en  . ados  mi  1 1 i me 1 1 i que- 
ue diffSrent  pas  sensiblcment  do  ccux  employCs  3 de  plus  grandes  longueurs  d’ondes.  l.es 
diodes  Schottky,  PIN,  Impatt,  Gunn,  Varactor  pn ramSt r iques  par  exemple,  sont  uiv  Clement 
essonticl  de  noinbreux  dispositifs.  Nous  n'examincrons  done  rapi dement  dans  le  tableau  do 
la  figure  10  quo  quelques  points  techniques  pnrticuliers  et  orientations  nouvelles  rcln- 
til's  3 ccs  composants  actifs. 

Me  1 angeui  1c  rf  opt  ion 

les  disppsirils  qui  ont  etc  Ctudios  3 L.T.T.  pennettent  la  transposition  du 
signal  en  undo  m i 1 1 i met  r i quo  en  un  signal  3 frequence  inte rmed i ai re  qui  peut  Ct  re  tiuss  i 
flevec  quo  '■  flllz.  Dans  le  cas  d’unc  f requence  intermydiai i o superieure  a 1 GHz,  la  prCam- 
plificatiun  a Cette  frequence  Ctnit  soi t du  type  transistor  blpoiaire  ou  PUT , suit  du  ty- 
pe pn r ame t r ique . 

Les  myiungeurs  du  type  symytrique  et  dissym6 tr i quo  sont.  realises  en  technolo- 
gic m i c roe  1 oc troni que . L'yi  initiation  de  la  ftequence  image  dans  des  raelnngeuis  a pu  otic 
cl fcctuCo  d'une  man i Lie  simple  et  efficaco.  en  utilisant  des  rusonateurs  di el cct r iques 
ident  iques  3 e.eux  dCcrit.s  plus  avant,  et  pjti c 6 ? au  voisinage  de  la  diode  Schottky  melan- 
geuse.  La  figure  11  montre  les  carnet 6r i st iques  d'un  melangcur  ry«lis<"  3 la  frequence  de 
13,6  GHz.  On  vnit  qu'une  rejection  de  la  frequence  image  superieure  3 30  dB  a entraine 
une  diminution  de  la  perte  do  conversion  de  1,3  dll. 
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La  photo  de  la  figure  12  montre  le  mfflangeur  de  reception  correspondant  avec 
le  rfisonateur  di£lectrique  incorporfi. 

L 'oscil lateur  local  nfcessaire  utilise  une  diode  Gunn  montfie  en  guide  rectan- 
gulaire  capable  de  dflivrer  une  puissance  de  20  mW.  Le  systdme  de  stabilisation  entidre- 
ment  passif  bas6  sur  1 'utilisation  de  matSriaux  3 coefficient  de  dilatation  appropriS  en 
fonction  de  la  temperature  permet  d'atteindre  une  stability  de  l'ordre  de  10~"/°C  dans 
une  gamme  de  temperature  de  - 40  3 ♦ 70°C. 

3.6. -  Meiangeur  d'6mission 

Dans  certaines  applications,  le  traitement  ou  la  regeneration  do  signal  a 
frequence  interm6diaire  3 la  sortie  du  meiangeur  de  reception  est  indispensable.  Cette 
operation  effectuee,  il  est  necessaire  de  transposer  3 nouveau  le  signal  3 frequence  in- 
termediaire  en  un  signal  aux  longueurs  d'onde  mi 1 1 im6t r iques . Les  mflangeurs  d'Cmission 
utilises  3 cet  effet  a L.T.T.  sont  constitu6s  par  une  association  de  circulateurs , fil- 
tre,  et  monture  3 varactor,  comme  il  est  montre  sur  la  figure  13.  Un  tel  montage  amCliore 
notablement  les  caractdristiques  des  meiangeurs  d'Cmission  classiques  du  point  de  vue  de 
la  bande  passante  et  de  la  conversion  amplitude/phase;  cependant , leur  perte  de  conver- 
sion.est  legdrement  plus  eievee.  Une  solution  intermSdiaire  utilisant  3 nouveau  un  rfso- 
nareur  dieiecfrique , supprcsseur  de  bandes  latfirales  infCrieures,  3 proximit6  du  varactor, 
a perm is  de  Jiminuer  la  perte  de  conversion  d'environ  1 dB  dans  une  partie  r6duite  de  la 
bande  passante,  com.nc  il  est  aussi  montre  sur  la  figure  13. 

3.7. -  Araplif icatcurs  6t.it  solide 

Cos  sous-ensembles  sont  appel6s  3 de  grandes  utilisations  dans  les  systomes 
talar  pour  augmenter  3 l'€inission  par  exemple  la  puissance  de  sortie  d'un  oscil lateur 
Ctnt  sulide  bas  niveau,  raais  pr6sentant  une  grande  stabilitC  on  fonction  de  la  frCnucnce. 
lour  csnploi  est  Cgalenent  prCvu  en  association  avec  les  radian  ;eurs  d'emission  d'critspiC- 
cCdemir.cnt ; Jans  cotte  dernidre  application,  on  recherche  le  meilleur  comprorais  cntre  la 
puissance  dClivrfe,  la  puissance  dissipCe,  le  prix  et  suit  out  dans  1c  domaine  des  onde 
ai 1 1 iraetriquos  qu i nous  intoressont,  la  fiabilitfi. 

Les  realisations  quo  nous  avons  effeettifies  ont  vise  essent  iel  lenient  l'ilar- 
issement  de  la  bande  passante  liC  3 unc  grande  stabilitC.  Les  circulateurs  3 t rds  gran- 
de largour  de  bande  dCcrits  plus  avail t ont  die  d'une  aide  prCcieusc  Ians  ce  travail. 

lin  amplifi  c.iteur  a nn  setil  Ctage  cenfrC  antour  de  10  fill  r a Ct<5  realise  et  pro- 
nntr  dans  uik  bande  passante  do  3 Gllz  un  gain  de  6 - o,S  IB  pour  un  niveau  de  sortie  le 

00  r-.W  3 I JB  de  compression. 

3.b.-  Duple  i rs 

fes  lispositifs  permettent  dans  un  radar  de  sCp.uer  le  signal  era  i s du  signal 
reft.  he  :s  avon.  developpC  a cet  effet  in  duplexeni  gyromagndt ique  basC  sur  1 ' u t i i i sa t ion 
du  idpaasage  non  rCciproque  dans  les  ferrites.  Un  tel  dispositit  est  constituC  par  une 
association  en  cascade  d’uno  jonction  hybridc  3 dB,  d'une  cellule  de  dCphasage  non  rCci- 
preqic  et  t'nn  coupleur  3 dB. 

Un  duploxeui  de  ce  type  a Cte  rfalisS  .1  35  GHz,  il  est  capable  dc  fonct ionnci 
tie  puisi  ince  Crete  de  7G1  VK , une  puissance  moyenne  le  50  K,  pour  un  a f I a i bl  i s semen  t 
'insertion  lnferieur  3 0,5  dB  et  un  dCcoupl.ige  super ieur  3 25  dB  dans  une  largeur  le 

bande  de  200  MHz. 

Un  ileiixieme  biplexenr  fonct  ionnant  i 70  fill r capable  dc  supporter  une  puiss  in- 
i’ Crete  le  1u  kK  et  line  puissance  moyenne  de  10  6 a Ate  aussi  realise.  Il  presente  une 
p<il'  d’insertion  tie  C',5  dl  pour  un  dfcouplage  minimum  de  JS  JB  dans  une  bande  passante 

dr  00  MHz. 

Le  dfcinplage  de  ces  Jtiplexeurs  cntie  les  portes  cmetteur  et.  rCcepteur  de 
.IB  ,"i  i n i m jk  est  i nsuf  f isant  , et  il  est  nCccssaire  do  protCger  le  rSccpteur,  it,  par 
c.-empio,  les  diodes  Schottky  me  I angcuscs , par  un  dispositif  du  type  limitcur. 

Un  premier  dispositif  semi-pass  if  semi-  actif  constitue  par  un  limileur  gvro- 
lagnCtique  .1  ferrite  associe  avec  un  limiteui  de  "pic"  3 varactor  est  en  coins  d'Ctudc. 
tin  deuxiine  liraiteur,  cntie  i ement  passif,  utilisant  un  Cchan  t.  i 1 1 on  de  silictum  en  volume 
lopC  a 1 ' .intiraoine . place  dans  un  guide  d'onde  rectangulaire , a Cgalement  fait  1 'obiet 
an-  n-'S  laboratolres  J ’ importnnts  travaux,  particu  1 i el  ement  en  bande  X.  Le  princi  pe  de 
Inn  t i mmeincnt  de  ce  limiteui  est  base  sur  la  dccroissancc  de  la  conduct  iv  i t e et  dc  la 
rob  i 1 i t £ -des  portents  quand  leclinmp  hvporfrCquence  augment.e. 

I.n  figure  11  montre  une  courbe  de  limitation  d'un  tel  liraiteur  en  bande  X, 

1 ' a f i a i bl  i ssemon  t du  dispositif  est  iiifCrioitr  7i  1 dB  pour  des  puissances  inculcates  no 

it pft&san t pas  0,3  kK  cictc;  Cet  a f fa iM  i sseraent  atteint  12  dB  pour  une  puissance  de  in  kiv 

. iete.  I.'offet  do  limitation  -le  ce  nouveau  dispositif  est  3 la  fois  absorbent  ot  rCflfi- 
shi  sant , et  il  semble  d'apics  les  nouveuux  result. its  obtenus  dans  no  inborn  to i res  par 
ticu  1 ifTement  attract  if  au-dc-.sui-  de  30  Oil.-. 


IV  - CONCLUSION 


1 1 a pu  ftre  montr?  dans  cet  expos?  qu ' i 1 ?tait  possible  de  r?aliser  dans  le 
domaine  des  ondes  m i 1 1 im?t r iques  des  composants  et  dispositifs  dont  les  caract?ri st iques 
?lectriques  sont  dans  l'ensemble  au  moins  ?gales  a celles  de  leurs  homologues  utilis?es 
aux  longueurs  d'ondes  cent im?t r iques . On  a pu  verifier  par  ailleurs  quo  la  technologie 
micro?lect ronique  ?tait  applicable  aux  ondes  m i 1 1 im?t r iques  sans  precautions  particulid- 
res.  De  meme,  la  possibilit?  de  rfaliser  des  composants  simples,  performants  et  bon  mar- 
ch?, a ?t?  d?montr?e. 

Ainsi,  bien  que  l'ensemble  des  probl?mcs  1 i ? s aux  sotis-ensembl  os  hyperfr?- 
quence  mi  1 1 im?t r iques  n'ait  pu  ?tre  trait?  d'une  mani?re  exhaustive,  les  r?sultat.s  pr?- 
sent?s  devraient  contribuer  3 vaincre  les  hesitations  que  1 'on  rencontre  encore  cho % cei - 
tains  utilisateurs  potentiels  des  ?quipements  en  ondes  m i 1 1 imfitr iques . 
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Type  de  composant 

DIODE  SCHOTTKY 

Utilisation  en  trans- 
poseur de  frequence 

DIODE  SCHOTTKY 
en  commutatrice 
Utilisation  en  modulateur 
dc  phase 

Utilisation  en  modulateur 
d 'ampl itude 

Dephaseur  pour  antennes  a 
balayage  electronique 

DIODE  AVALANCHE 

Utilisation  en 
amplification 
Impatt  CW 


DIODE  GUNN 

Utilisation  en  amplifica- 
tion CW  a transfert 
d' electron 

(transferred  electron 
amplifiers) 


Car ac ter istiques 


Materiau  Silicium 


Mater iau  AsGa 


Variation  de  R , . 2500 

serle  7 fi 

I , : I0mJ> 

comnande 


Caracteristiques  obtenues  | Caracteristiques  esperees 


Frequence  utili- qHz|  Frequence  utili-  < 50  ^ 

Per tes  de  conver sion|<  5 d B | Per tes  de  conversion  < 5 dB 

Frequence  utili-  =?0  GHz  Frequence  utili-  = 70  GHz 
sation  sation 

Per tes  de  conversion  = 7 dB  Pertes  de  conver sion  <5,5  dB 


Materiau  Silicium 
Temps  de  commutation  100 


Materiau  Si 1 icium 

Frequence  : 50  GHz 

p : 5 % 

P : 20  dBm 

sortie 

2 etages 

Gain  par  etage  : 6 dB 

Bande  passante : 2 GHz 

Facteur  de  bruit  : 28  dB 


Materiau  AsGa 

Frequence  : 50  GHz 

p : 1 1 3 % | 

P : 23  dBm 

sortie 

2 etages 

Gain  par  etage : 7 dB 

Bande  passante : | 3 GHz 

Facteur  de  brui t : f 20  d B l 


Materiau  InP 

i Caracteristiques  esperees 
I avec  diodes  laboratoires 


Frequence  : 

50 

GHz 

P : 

7 

% 

P : 

sortie 

2 etages 

20 

dBm 

Gain  par  etage: 

7 

dB 

Bande  passante  : 

L_5_ 

GHzl 

Facteur  de  bruit: 

ficT 

dB  | 

Figure  10  - Composants  actifs  en  ondes  mi  1 1 imfi triques 


Figure  13  - Elimination  de  la  bande  latSrale  inffirieure  dans  un  mSlangeur  d'fimission 


Figure  14  - Limiteur  3 silicium  en  volume 
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DISCUSSION 


I U MACKINTOSH:  Could  you  please  clarify  the  performance  that  haa  been  obtained  with  InP 

amplifiers? 

B CHIRON:  Lea  carac teriat lques  d'ampllflcateurs  que  nous  avona  donnees  sont  cellea  que  l'on 

peut  ralsonnablement  esplrer  obtenlr,  compte  tenu  de  prlcldents  rlsultats  acqula 
a des  frequences  autour  de  AO  GHz. 

Lea  diodes  InP,  dont  dependent  essentlellement  lea  performances  des  ampllf lcateurs, 
font  l'objet  d'ltudea  d' amelioration  en  collaboration  avec  des  unlversltalres. 

E STERN:  What  la  the  Insertion  loss  and  recovery  time  of  the  SI  bulk  limiter? 

B CHIRON:  La  perte  d'lnaertlon  du  llmlteur  a slllclum  de  volume  presente,  3 tltre  d'exemple 

de  falaablllt£,  est  de  A dB  a 9,375  GHz,  mats  cette  valeur  sera  fortement  dlmlnuee 
aux  lingueurs  d'onde  mllllmltrlques. 

Le  temps  de  recouvrement  de  ce  type  de  llmlteur  eat  tree  falble.  A tltre  d'exemple, 
11  n'a  ete  constate  aucune  modification  sensible  du  temps  de  descente  avant  et 
apres  limitation  dans  le  cas  d'un  signal  d'hyperfrlquence  pulse  de  60  ns  de  temps 
de  montee  et  100  ns  de  temps  de  descente. 


( 
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A SURVEY  OP  THE  USE  OF  SURFACE  WAVE  DEVICES  IN  RADAR  SY3T3JS 

by 

J D Maines  and  E C S Paige 
RRE,  Malvern,  U.K. 


SUMMAHY 

During  the  past  decade  surface  acoustic  wave  devices  have  emerged  as  important  signal  processing 
components  which  are  particularly  well  suited  to  radar.  Devices  have  been  developed  which  m »et 
demanding  specifications  and,  for  some  equipments,  are  having  a significant  impact  on  both  performance 
and  system  design  philosophy. 

This  paper  reviews  the  range  of  components  which  have  been  developed  and  identifies  their  applications 
in  radar. 

I . INTRODUCTION 

Surface  acoustic  wave  devices  find  direct  application  where  it  is  necessary  to  store  I.F.  signals  for 
times  up  to  a few  hundred  microseconds  and  perform  filtering  operations  with  bandwidths  up  to  a few 
hundreds  megahirtz.  It  is  because  these  parameters  are  well  suited  to  many  modem  radar  requirements 
that  much  of  the  effort  in  the  upsurge  of  interest,  which  began  in  the  late  sixties,  has  been  directed 
towards  radar  applications.  As  we  shall  see,  there  have  been  several  significant  achievements,  most 
notable  among  them  being  the  eatabliahment  of  the  use  of  SAW  dispersive  delay  lines  as  the  method  for 
waveform  generation  and  matched  filtering  in  pulse  compression  systems.  This  method  is  both  widely 
accepted  and  generally  used  in  appropriate  military  and  civil  systems. 

There  are  several  general  features  which  relate  to  SAW  devices  which  make  them  attractive. 

(i)  They  are  planar  structures  which  rely  on  a technology  similar  to  but  simpler  than 
that  employed  in  the  fabrication  of  integrated  circuits!  e.g.  the  use  of  conventional 
photolithography. 

(ii)  The  SAW  device  performance  is  almost  exclusively  controlled  through  the  transducer 
design.  Sophistication  is  built  into  the  mask  used  in  delineating  the  transducer 
structure.  The  mask  ensures  repeatability  of  performance. 

(iii)  The  slow  velocity  of  the  acoustic  wave  relative  to  that  of  electromagnetic  waves  leads 
to  a spatial  compression  of  a signal.  This,  together  with  the  large  transduction  band- 
width and  low  attenuation  means  that  small  surface  wave  devices  can  store  large  quantities 
of  information. 

(iv)  Because  this  information  is  on  the  surface  it  is  accessible  for  processing,  for  example, 
by  tapping -off  and  recombining  different  parts  of  the  signal. 

(v)  The  surface  acoustic  wave  is  a stable  wavei  it  is  virtually  unaffected  by  electrical 
and  magnetic  fields  and,  on  some  materials,  is  very  insensitive  to  temperature  change. 

Surface  waves  have  been  the  subject  of  several  reviews,  one  which  emphasises  the  basic  phenomena^ 1 ) 
and  one  which  discusses  devices  and  component(2)  provide  material  and  references  which  conveniently 
expand  this  review.  Here,  in  section  II  some  basic  information  relating  to  surface  waves  and  commonly 
used  structures  is  presented.  Then,  in  section  III,  a range  of  SAW  devices  are  introduced.  Their 
application  to  radar  is  discussed  in  section  IV.  Finally,  section  V presents  concluding  comments. 

II.  SOME  BASIC  INFORMATION  AND  COMMON  SAW  STRUCTURES. 

The  essential  components  of  a surface-wave  device  in  an  electronic  circuit  are  shown  in  Fig.  1.  They 
comprise  a substrate  material  with  an  optically  polished  surface  and  transducers  for  conversion  between 
electrical  and  acoustical  signals. 

Except  for  specialist  devices,  none  of  which  have  passed  beyond  the  research  stage,  the  substrate 
material  is  plezoeleotriu,  usually  quartz  or  lithium  niobate.  'When  a voltage  is  applied  to  the 
transducer,  alternately  directed  electric  fields  are  set  up  resulting  in  a periodic  stress  in  the 
piezo-electric  crystal.  This  field-induced  stress  is  the  surface  wave  launching  mechanism  of  the 

transducer. 

The  simplest  transducer  is  the  periodic  structure  shown  in  Fig.  1,  normally  formed  photolithographic-ally 
in  an  aluminium  film  about  1000  A thick.  It  has  a conversion  efficiency  which  peaks  at  a frequency 
of-t^/x*,  where  vis  the  velocity  of  the  surface  acoustic  wave,  typically  3 X 10^  cm/s,  andXcis  the 
periodic  length  of  the  transducer.  Size  of  substrate,  convenience  of  fabrication  and  acoustic 
attenuation  effectively  limit  operating  frequencies  to  between  10  MHz  and  1.5  GHz.  Acoustically,  the 
periodic  transducer  has  a fractional  bandwidth  of  N“1  where  N i3  the  number  of  finger  pairs.  Electrically, 
the  transducer  looks  like  a capacity  shunted  by  a (radiation)  resistance,  which  may  be  made  50JV  by 
choice  of  finger  length.  If  the  transducer  is  inductively  tuned  and  impedance  matched  then  a 
conversion  efficiency  close  to  100  percent  may  be  achieved  for  fractional  bandwidths  below  2K//W. 

(E  [quarts]  - 0.041,  E [Niobate]  «0.2l)  The  100  per  oent  conversion  efficiency  is  not  fully  exploited 
because  or  the  bidirectional  of  typical  transducer  structure.  There  is  also  tho  usual  possibility  of 
trading  conversion  efficiency  for  bandwidth,  octave  bandwidth  being  possible  with  suitably  designed 
transducers. 


In  uny  devices  the  role  of  the  transducer  is  not  only  to  convert  from  electric  to  aooustic  energy 
but  also  to  filter  it.  The  impulse  response  of  a single  transducer  is  directly  related  to  its  geometry; 
the  relative  finger  positions  determine  the  phase  and  the  souroe  strength  associated  with  the  fingers 
determines  the  amplitude  of  the  response.  (A  frequently  used  method  of  varying  the  source  strength  is 
by  variation  of  finger  overlap.  It  is  usually  confined  to  one  transducer).  Thus  to  first  order  of 
approximation,  the  frequency  res; onse  of  a structure  such  as  shown  in  Fig.  1 is  the  product  of  the 
Fourier  transform  of  the  impulse  response  of  each  transducer.  Fig.  2 illustrates  the  relationship 
between  impulse  response  and  transducer  geometry  for  finger  overlap  weighting. 

It  ie  possible  to  design  surface  wave  devioea  to  meet  tight  and  demanding  specifications.  However  to 
do  this  successfully  it  is  necessary  to  incorporate  in  the  design  corrections  for,  or  methods  of 
avoiding  several  problems,  e.g.  interaction  with  the  external  circuit,  multiple  reflections  in  a 
transducer,  diffraction,  refraction  and  bulk  wave  generation.  The  ways  of  overcoming  these  problems 
are  now  known  and  are  incorporated  in  the  designs  precedures  and  software  of  the  leading  suppliers. 

In  the  structure  of  Fig.  1,  the  surface  wave  is  launched  and  detected  without  any  intermediate  inter- 
ference. Various  possibilities  exist  for  redirecting  and  in  some  cases  processing  the  signal  in 
transit.  One  of  these  is  the  multistrip  coupler  and  the  range  of  components  derived  from  it  (2). 

The  coupler  finds  important  applications  in  improving  the  performance  of  devices  made  on  lithium 
niobate.  Another  type  of  structure  is  the  reflecting  array  structure  (RAST).  The  basic  RAST  consists 
of  a periodic  set  of  reflectors.  They  may  be  set  normal  to  the  incident  beam  or  inclined  at  some 
other  angle.  Though  the  intensity  reflected  from  each  reflector  is  usually  low  (-40  d£) , constructive 
interference  f-om  a large  number  ('V/IOO)  leads  to  good  reflectivity  (^98  percent)  over  a narrow  bandwidth 
centred  on  V/2p  where  p is  the  periodic  length  in  the  array.  Typical  reflectors  are  metal  strips, 
dielectric  stripe  or  grooves.  A weighted  response  can  be  realised  by  variation  of  effective  length  of 
the  strips  or  depth  of  the  grooves.  The  primary  use  of  the  RAST  to  date  is  in  resonators  and  in 
dispersive  delay  lines  (see  Section  III  5)- 

We  conclude  this  section  ty  pointing  out  that  there  are  numerous  other  SAW  structures  ranging  from 
waveguides,  prisms  and  lenses  to  amplifiers  and  convolvers.  These  are  in  the  research  phase  and  will 
only  be  referred  to  if  appropriate  in  the  next  section. 

III.  SAW  DEVICES  FOR  RADAR. 

Surface  wave  devices  have  found  application  in  radar  systems  because  they  are  .veil  fitted  to  perform 
many  of  the  functions  required  in  modern  signal  processing.  Their  parameters  are  admirably  suited  to 
the  usual  IF  processing  function  of  delaying  and  filtering  but,  in  addition,  they  can  be  used  to  form 
stable  oscillators  for  COHO  and  STALO  applications.  The  key  SAW  devices  are  reviewed  below. 

1)  FIXED  DELAY  LINKS.  Delay  times  of  interest  lie  in  the  range  from  nanosccon’s  for  proximity 
fuze  applications  to  mil) i seconds  for  delay  line  cancellers.  Both  are  difficult  to  achieve; 
reported  delay  times  fall  in  the  100  ns  to  1 ms  range  with  1 - 50  ns  being  readily  accessible 
without  resorting  to  folded  paths.  They  are  typified  by  insertion  loss  in  the  range  3-30  dB, 
fractional  bandwidths  of  1-50$  and  spurious  response  -50dB.  Applications  include  time  ordering 

of  multipulse  radars,  analogue  I7TI  processing  in  high  PRF  radars,  examination  of  a signal  followed 
by  corrective  processing,  and  test  target  simulation.  Considerable  effort  has  been  focussed  on 
extending  the  delay  to  longer  tim  s with  acceptable  bandwidths  for  use  as  pre-whitening  filters. 

These  filters  reduce  the  dynamic  range  requirement  of  subsequent  Doppler  processors.  Th  re  are 
a number  of  techniques  which  hold  out  hope  of  competitive  solutions.  For  example  a delay  line 
having  a temperature  coefficient  of  a few  parts  per  million  per  degree,  centigrade,  220  nsec  delay 
and  -57dB  spurious  level  has  been  built  at  University  College  London.  (3) 

SA'7  delay-lines  can  easily  be  tapped.  The  primary  limit  of  tapped  delay-lines  is  the  density  of 
taps.  It  is  act  by  the  density  of  electrical  connections  and  the  electrical  interface.  A 50  um 
spacing  is  a typical  limit  (20  nsec  separation)  although  smaller  separations  can  be  achieved  by 
using  larallel  delay  lines  and  distributing  the  taps  conveniently. 

2)  VARIABLE  DELAY  LINTS.  Variable  delaj  may  be  achieved  discretely  or  continuously  (2). 

Discrete  variable  delay  has  been  obtained  by  switching  between  taps  of  a typical  delay  line. 
Continuously  variable  delay  can  be  achieved  using  dispersive  delay  linos  (See  section  III. 5) 
making  use  of  a VCO  andthe  ability  of  the  delay  line  to  delay  an  imput  by  an  amount  proportional 
to  its  frequency.  In  a single  unit  performance  is  limited  by  available  disj-ersive  delay  lines 
to  delays  juacconds  and  bandwidths  less  than  about  50  KHz.  Some  results  are  shown  in 

Figure  3*  ' 

Surface-wave  devices  have  recently  been  reported  in  which  it  is  possible  to  store  a replica  of 
the  signal  for  a variable  time  before  recall.  The  information  is  stored  in  a semiconductor 
adjacent  to  the  piezo-electric  delay  line.  A number  of  techniques  have  been  used  and  will  be 
discussed  at  this  conference  by  E.  Stem.  (4) 

3)  BAND-PASS  FILTERS.  The  fre  uency  filter  haB  been  one  of  the  main  foci  of  attention  for 

those  working  on  surface  waves  primarily  due  to  its  potential  application  as  a TV  filter.  The 

detailed  design  procedure  is  now  sufficiently  well  understood  that  precisely  defined  amplitude  and 

phase  specification  can  be  met  simultaneously  in  a single  filter  - see  figure  4.  Excellent 
filter  results  are  achievable,  with  out-of-band  response  70  dB  down,  insertion  loss  controlled  to 
a fraction  of  a dB,  and  phase  error  hold  to  a few  degrees.  Filters  are  being  pro :uced  at  a rate 
of  thousands  jer  week  and  several  f i ins  offer  purpose-design  filter  capability.  They  are  now 
accepted  for  ml  sile  anil  apace  a;  pi  lent  ions. 
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SAW  filters  are  attractive  for  modem  radar  since  they  are  small  enough  for  hybrid  integration, 
are  stable  and  require  no  adjustments.  In  conjunction  with  wide-band  IF  amplifiers  they  offer  an 
exchangeable  filter  capability  which  could  meet  • wide  variety  of  radar  applications.  They  are 
usually  lossy-typically  about  20  dB  - and  although  this  figure  can  be  reduced  using  specialised 
techniques  it  is  unlikely  to  become  sufficiently  low  to  allow  the  use  of  filters  at  the  front  end 
of  the  IF  where  S/H  is  seriously  affected  by  loss.  However,  where  radar  performance  is  limited 
by  interference  rather  than  noise  the  precise  pass-band  of  a compact  9AW  filter  will  be 
advantageous. 

4)  OSCILLATORS.  The  conventional  SAW  oscillator  consists  of  a quartz  delay  line  with  output 
fed  back  to  input  through  an  amplifier  with  sufficient  gain  to  exceed  the  delay-line  insertion  loss. 

(5).  A comb  of  frequencies  satisfy  the  condition  that  the  phase  shift  round  theloop  is  2TTN,  with  N 
an  integer.  In  the  single  mode  oscillator,  all  butone  of  the  possible  modes  are  suppressed  by 
choice  of  transducer  and  delay  time.  The  advantageous  features  of  the  SAW  oscillator  have  been 
widely  stated;  operation  up  to  low  gigahertz  frequencies  without  multipliers,  freedom  from  satellite 
modes,  rugged,  good  short  tern  stability,  and  easily  frequency  modulated  are  chief  among  them. 

The  single  mode  oscillator  is  now  accepted  for  application  in  military  equipment  and  is  actively 
being  assessed  for  civil  use. 

One  of  the  most  important  aspects  of  the  oscillator  is  its  stability.  It  is  convenient  to  subdivide 
this  into  long  term  (-"^1  year),  medium  term  (««w1  h)  and  short  term  ((1  s).  The  Marconi  Co.  (Gt  Baddow) 
have  produced  oscillators  with  the  lowest  ageing  rate  to  date.  An  ageing  rate  of  close  to  1 part  per 
million  per  month  has  been  observed  (6)  which  is  comparable  to  a moderately  good  bulk  quartz  crystal  and 
an  order  of  magnitude  worse  than  a good  one.  Since  the  origins  of  ageing  have  not  yet  been  identified, 
possible  improvements  are  difficult  to  predict.  However,  there  are  many  applications  in  radar,  where 
the  ageing  is  relatively  unimportant.  In  contrast,  the  short  term  stability  can  be  a critical  design 
parameter.  It  is  particularly  important  in  Doppler  radars  since  it  determines  the  spectral  purity. 

Fig.  5 shows  a plot  of  the  single  sideband  FM  noise  spectral  density  as  a function  of  off-set  from 
centre  frequency  of  a 396  MHz  oscillator  with  a path  length  of  2500  A . A Q of  4 X 10^  is  realised. 
Though  opimised  in  certain  respects  for  low  noise  levels,  an  improvement  of  more  than  10  dB  could  be 
anticipated  because  of  the  higli  (20  dB)  insertion  loss  of  the  delay  line.  Nevertheless,  the  results 
shown  in  Fig.  5 compare  favourably  with  those  obtained  at  a similar  frequency  with  bulk-wave  oscillators 
and  a multiplier  chain.  Clearly  the  compact  SAW  device  has  a practical  advantage  over  the  bulk  wave 
device  with  multiplier  chain  in  the  VHP  range.  The  short  term  stability  performance  of  this  oscillator 
has  encouraged  the  development  of  devices  for  COHO  and  STALO  applications.  An  attractive  feature  is 
the  simplicity  with  which  the  oscillator  is  frequency  modulated  over  a range  of  1^  of  its  centre 
frequency.  The  FM  capability  is  particularly  relevant  to  requirements  which  require  pulling  of  the 
COHO  (to  take  out  aircraft  motion  for  example).  Other  requirements  demand  a wider  FM  capability 
(frequency  agile  local  oscillators  for  example);  here  the  multimode  version  of  the  SAW  oscillator 
find  applications. 

In  the  multimode  oscillator  the  conditions  that  the  phase  shift  round  the  loop  shall  equal  2TTN, 
can  be  satisfied  by  a range  of  N values.  Each  value  of  N (Nth  mode)  gives  a particular  frequency;  " 

In  these  osc illatoro  Tt  iB  po3sfble-to_cHange  from  one  frequency  to  and  tKer~ ‘In  a controlled  way 
while  maintaining  similar  stability  to  that  of  the  fixed  single  mode  device.  One  approach  is  to 
use  wide  band  transducers  so  that  any  one  of  the  comb  of  frequencies  can  be  excited.  A mode  can  be 
selectively  excited  to  generate  a particular  frequency  by  injecting  the  approximate  frequency 
component  and  switching  on  the  amplifier  (7).  This  technique  now  offers  the  possibility  of  switching 
quickly  (few  microseconds)  across  hundreds  of  MHz  of  bandwidth  in  an  oscillator  which  is  highly 
stable  in  the  short  term. 

5)  MATCHED  FILTERS.  A major  part  of  the  surface-wave  effort  has  been  directed  at  producing 
matched  filters,  i.e.  filters  which  optimize  the  output  peak-signal/mean  noise  (power)  ratio. 

In  this  respect  a signal  s(t)  will  be  optimally  processed  by  a filter  having  an  impulse  response 
which  is  the  time  reverse  of  s(t).  The  flexibility  in  design  of  SAW  transducers  permits  precise 
control  of  their  impulse  response.  They  are  consequently  considered  for  both  signal  generation 
(of  s(t))  and  reception. 

Matched  filters  have  widespread  application  in  signal  processing  but  typical  surface-wave  parameters 
make  them  suitable  for  pulse  compression  radars.  They  are  used  for  both  generation  and  reception  of 
the  frequency-modulated  waveforms  used  in  these  radars.  Linear  frequency  modulation  is  the  commonest 
form  of  encoding  in  this  application.  It  is  characterised  by  pulse  duration  T and  bandwidth  B. 


A "conventional"  surface-wave  structure  for  linear  frequency  modulation  is  shown  in  Fig.  6.  (Both 
here  and  elsewhere,  ne  shall  refer  to  these  as  dispersive  delay  lines).  In  the  receiver,  a weighting 
filter  is  required  in  addition  to  the  matched  filter  to  suppress  the  time  sidelobes  adjacent  to 
the  correlation  peak.  In  the  surface-wave  implementation  this  is  usually  built  into  the  dispersive 
delay  line  as  additional  weighting.  A great  deal  of  detailed  basic  knowledge  of  generation, 
propagation  and  reception  of  surface  waves  is  now  incorporated  into  the  design  procedure  of 
dispersive  delay  lines  - see  for  example  the  discussion  by  Paige  (e)  and  by  Bristol  (9).  The 
success  of  the  technique  is  well  established  and  experimental  performance  is  close  to  "ideal". 

Maximum  sidelobe  levels  as  low  as  -40dB  with  respect  to  the  mainlobe  are  now  produced  using  routine 
and  automatio  design  procedures.  (See  Fig.  7<)  At  least  three  companies  in  the  U.K.,  Marconi 
(Ot.  Baddow),  MESL  (Edinburgh)  and  Plessey  (Caswell)  have  such  facilities. 

t 

The  ideal  behavior  can  be  achieved  for  time-bandwidth  products  of  several  hundred,  within  the 
constraints  of  B<;100  MHz  and  T^60  uS,  using  the  conventional  structure.  The  time-bandwidth 
product  is  an  important  parameter;  'it  is  the  pulse  compression  ratio;  or  the  processing  gain 
against  white  noise.  The  performance  of  SAW  levices  meets  the  requirements  of  the  majority  of 
radar  systems  as  presently  conceived  and  it  is  worth  stressing  that  the  structure  is  simple, 
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reproducible,  and  reliable,  We  feel  these  and  other  attractive  featureo  will  ensure  that  the 
SAW  device  remains  competitive  for  several  generations  of  radar  systems. 

There  are  some  specialised  radars  which  require  time-bandwidth  products  which  exceed  a few 
hundred  and  in  recent  years  there  has  been  some  emphasis  on  reflecting  array  compressors  (RAC). 

These  have  been  shown  to  be  very  effective  in  meeting  this  need,  providing  compressors  with  time- 
bandwidth  up  to  10,000.  They  are  based  on  refleoting-array  structures  introduced  in  Section  II  and 
are  illustrated  in  Fig.  6.  Considerable  development  of  these  simple  structures  has  occurred  (10). 

Low  time-bandwidth  product  compressors  have  presented  special  problems.  However  the  flexibility 
of  design  of  the  SAW  device  has  allowed  the  band;  ass  characteristic  to  be  shaped  so  that  the 
effect  of  large  ripples  in  the  spectrum  of  the  transmitted  pulse  can  be  minimised.  At  IF, 
compressed  pulses  have  been  produced  with  sidelobes  more  than  35  dB  down  on  the  main  pulse  for 
a time-bandwidth  product  as  low  as  8 (ll). 

Waveforms  other  than  linear  FK  can  be  designed  with  equal  ease.  For  example,  Barker  coded  devices 
are  in  production  for  radar  3y3ter.is.  Particularly  significant  are  the  nonlinear  FM  waveforms  that 
are  being  designed  to  overcome  the  mismatch  loss  which  occurs  when  linear  FM  filters  are 
amplitude  weighted  to  reduce  sidelobes.  The  spectrum  of  the  transmi  ted  waveform  is  "shaped" 
by  deviating  the  phase  of  the  signal  from  the  quadratic  variation  of  linear  FM.  The  receiving 
transducer  can  be  a matched  fil*er  for  the  modified  waveform.  The  spectral  shaping  can  be 
optimised  to  achieve  low  sidelobes  and  acceptable  Dop.  ler  sensitivity  with  very  low  mismatch 
loss,  e.g.  0.05  dB  (12).  This  type  of  device  will  be  widely  accepted  in  future  pulse  compression 
systems.  It  can  now  be  designed  economically  and  accurately  for  the  first  time.  The  performance 
of  a phase  weighted  generator  and  receiver  is  shown  in  Fig.  7* 

It  would  be  highly  desirable  to  have  transmi i-ters  and  receivers  capable  of  generating  and  receiving 
any  waveform.  There  are  a variety  of  SAW  techniques  being  studied  with  this  in  mind  but  we  shall 
not  discuss  them  here  as  they  are  still  in  the  research  phase. 

6)  FOURIER  TRANSFORMERS.  Fourier  transformation  is  an  important  signal  processing  function, 

its  most  extensive  systems  use  being  in  spectrum  analysis.  The  development  of  the  fast  Fourier 
transform  (FFT)  algorithm  permits  digital  computers  to  perform  Fourier  transforms  and  this  method 
of  signal  analysis  is  particularly  relevent  to  Doppler  radar  systems.  However,  the  requirement  for 
real-time  Fourier  transformers  has  led  to  an  interest  in  the  alternative  methods  of  transforming 
offered  by  SAW  devices  (and  CCD's). 

The  Fourier  transformation  method  now  being  investigated  using  SAW  techniques  is  the  chirp  transforma- 
tion. As  illustrated  in  Fig.  8 the  basic  operation  consists  of  imil  t.i  nl  vine  thn  innut  n nnl  n(  

by  a linearly. jCrrwuenev-modtllat'Sd~~waveform  (chirp  c|7  followed  by  convolution  of  the  product  with 
a filter  whbse  impulse  response  is  also  a chirp  (C„  ),  having  a frequency- time  relation  of  the 
opposite  slope  to  . The  technique  is  easily  implemented  with  surface  wave  components. 

IV.  EXAMPLES  OF  SAW  DEVICES  IN  RADAR. 

A3  shown  in  the  preceeding  section,  numerous  SAW  devices  are  no/  developed  to  an  advanced  stage, 
section  we  give  examples  of  the  key  role  they  play  in  a variety  of  radar  systems  including  pulse 
compression,  miniature  radars,  Doipler  processors  and  air  traffic  control.  e also  include  some 
related  to  electronic  warfare  since  these  subjects  are  of  interest  to  the  radar  engineer. 

1)  PULSE  COMPRESSION.  The  impact  of  surface-wave  devices  on  pulse  compression  systems  is 
considerable  as  we  have  indicated  in  Section  III. 5.  They  are  now  used  to  generate  both  the  ^oded 
signal  for  transmission  and  to  compress  the  return  pulse  from  the  target.  The  waveforms  used 

in  such  systems  can  be  optimally  chosen  since,  for  the  first  time  in  practical  systems,  the  vital 
signal  processing  c mponents  can  be  flexibly  designed,  accurately  made  and  economically  produced. 

High  and  low  time- bandwidth  product,  as  well  as  the  non-linear  FM  pulse  compression  components  are 
good  examples  of  SAW  devices  which  are  now  influencing  systems  design. 

A further  important  consideration  brought  about  by  the  availability  of  these  devices  relates  to  the 
type  of  transmitter  to  be  used  in  the  system.  For  example,  a low  peak-power  transmitter  may  not  be 
able  to  meet  range  and  resolution  specifications  unless  its  mean  power  can  be  increased  and  correl- 
ation techniques  used.  A suitable  solid-state  transmitter,  such  as  a transistor  oscillator  has  a 
longer  life  than  a tube  so  that  its  use  in  conjunction  with  SAW  correlators  will  contribute 
directly  to  increasing  the  mean-time-between-faiiures  of  equipments.  Some  important  appl ications 
of  SAW  devices  critically  depend  on  this  type  of  assessment. 

The  compatibility  of  SAW  devices  with  integrated  circuits  aids  the  manufacture  of  relatively 
miniature  sub-systemsi  examples  of  coherent  and  incoherent  pulse  compression  units  are  given  in 
Fig.  9. 

2)  MINIATURE  RADARS.  There  are  several  developments  which  are  significant  for  miniature  radars. 
Fully  coherent  IF  pulse  compression  units  can  now  be  produoed  without  excessive  cost,  size  and  power 
consumption  penalties.  They  offer  new  signal  processing  opportunities  for  low  and  medium  range 
radars.  For  WI  applications  the  low-noise  characteristics  of  a compaot  SAW  osoillator/multiplier 
RF  source  should  provide  powerful  competition  against  more  conventional  approaches.  Spread-spectrum 
techniques  are  also  a possibility  and  the  use  of  SAW  correlators  should  be  particularly  relevant  for 
systems  with  relatively  few  range  oells. 


In  thi3 
examples 
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Man-borne  radars  have  already  benefited  from  the  use  of  SAW  delay  lines.  An  example  la  the  improve- 
ment that  accrues  in  a clutter  reference  radar  system  by  using  a simple  surface-wave  tapped  delay 
line  Further  advances  in  this  area  are  more  likely  when  the  potential  of  SAW  beamforming 

networks  is  fully  realised. 

It  is  interesting  to  speculate  what  the  impact  of  the  new  technologies  will  be  in  the  next  few 
years)  combinations  of  SAW/CCD  and  digital  techniques  will  surely  create  a wealth  of  new,  miniature, 
but  sophisticated  systems.  The  use  of  these  techniques  should  be  particularly  valid  where  power 
dissipation,  size,  and  cost  are  important.  Miniature  radar  is  an  example)  similar  arguments  should 
apply  to  lightweight  communication  systems  and  radar  fuzes 

3)  DOPPLER  PROCESSING.  Surface  wave  devices  are  not  well  suited  to  Doppler  processing  since 
their  typical  bandwidths  are  too  wide  for  the  resolution  requirements  of  normal  radars.  Exceptions 
include  high  velocity,  misslle-bome  radars  where  it  could  be  advantageous  to  use  compact  surface- 
wave  devices  with  their  low  sensitivity  to  alien  environments.  Their  use  in  optical  "radars"  is 
also  under  active  investigation)  in  this  case  the  bandwidths  of  SAW  filters  are  ideally  suited  to 
the  requirement. 

The  most  likely  area  for  exploitation  of  surface  waves  in  standard  Doppler  radars  is  in  conjunction 
with  charge  coupled  devices  (CCD).  There  are  a number  of  such  hybrid  approaches,  one  of  which  has 
been  reported  by  Roberts  [14]. 

The  basic  requirement  is  to  find  a method  capable  of  performing  simultaneous  range  and  Doppler 
processing  for  a pulsed  Doppler  radar  in  a compact,  cheap  unit.  The  proposed  solution  uses  CCD 
techniques,  firstly  to  store  and  then  to  speed  up  (by  rapid  clocking)  the  video  radar  signal.  The 
increased  bandwidth  of  the  Doppler  sipials  which  results  is  analysed  using  the  SAW  Fourier  transform 
technique  described  in  section  III. 6).  Typically  the  output  will  be  time  compressed  by  a factor  of 
1000  and  consequently  will  allow  1000  range  cells  to  be  examined  in  real  time  with  a Doppler 
resolution  of  about  50Hz.  This  teohnique  could  have  a major  impact  on  the  design  of  pulsed  Doppler 
radars.  It  is  worth  noting  that  it  is  equivalent  to  having  a FIT  analyser  working  in  real  time  on 
each  range  cell. 

4)  AIR  TRAFFIC  CONTROL.  The  ATC  market  is  potentially  very  great.  It  is  basically  concerned 
with  communications,  surveillance,  and  navigation.  Each  area  has  received  the  attention  of  SAW 
engineers,  but  successful  application  is  slow  due  to  the  principle  normally  adopted  that  any  change 
must  be  minor  and  oompatible  with  existing  systems.  This  fact  means  looking  for  retrofit  applic- 
ations such  as  filters  and  oscillators  which  show  economic  advantages  rather  than  requiring  major 
changes  in  philosophy.  The  recent  acceptance  of  biphase  coding  for  future  ATC  transponders  though, 
is  almost  certain  to  require  SAW  device  to  demodulate  the  signal. 

The  SAW  IfevT Je  uhusn  in  Fig, — in  mm  developed  at  RRE  and  produced  at  GEC  (Wembley,  UK)  for  this 
purpose.  It  is  now  incorporated  in  “ ^ flflR  fwanaprinae-rB  which  are  in  the  process  of  under- 
going MOD/COSSOR  flight  trials.  The  current  view  is  that  *h<>  

oost-effective  solution  for  the  extraction  of  DPSK  data. 

5)  ELECTRONIC  WARFARE.  There  are  a number  of  activities  related  to  radar  processing  for  which 
SAW  devioe  development  is  important.  Some  of  the  more  important  ones  relating  to  electronic 
warfare  are  discussed  here. 

A variety  of  devices  are  being  developed  to  improve  the  performance  of  systems  against  electronic 
counter  measures  (ECU).  Improvement  in  performance  is  achieved  by  using  such  techniques  as  pulse 
compression,  frequency  agility,  array  signal  processing  and  spectrum  spreading.  Surface  wave 
devices  are  applicable  to  each  of  these  areas. 

SAW  delay  lines  have  proved  to  be  capable  of  storing  signals  for  times  of  a few  hundred  microseconds. 
They  should  have  application  in  large  bandwidth,  oonfusion  jammers.  Against  unsophisticated  radars, 
gating  of  the  output  can  be  used  to  achieve  range  deception.  However,  where  faithful  reproduction 
of  the  signal  is  necessary  other  teohniques  are  required. 

The  use  of  complex  signal  waveforms  makes  it  necessary  to  adopt  techniques  whioh  do  not  distort  the 
retransmitted  signal . In  this  respect  wlde-band  tapped  delay  lines  are  being  assessed  for  range- 
gate  ptil-off  applications.  Programmable  devices  have  been  developed  in  whioh  apparent  range  is 
varied  by  connecting  each  tap  in  turn  to  the  out |F^|  . A more  complex  programmable  system  has 
been  reported  whioh  usee  both  fixed  and  switchable  tapped  delays  to  achieve  discretely  variable 
timing  of  the  output  in  stepe  of  40  ns  up  to  40  06J.  Instantaneous  bandwidth  is  200  MHz  and 

switching  speed  15  ns.  Techniques  for  producing  continuously  variable  delay  using  dispersive  delay 
lines  (Section  III. 2)  may  also  be  applied.  Combined  with  switchable  fixed  delay  lines  they  offer 
a powerful  teohnique  of  target  simulation.  Target  simulation  can  of  oourse  be  used  either  for  the 
disruptive  measure  discussed  above  or  as  an  aid  in  system  development  and  automatic  testing. 

Surface-wave  devices  are  also  being  considered  for  use  in  set-on  noise  Jammers.  They  are  unlikely 
to  be  used  direotly  at  radar  frequencies  but  responsive  Jamming  techniques  are  being  investigated 
whioh  make  use  of  surfaoe  wave  devices  operating  at  IF.  One  reported  technique  utilises  a SAW 
filter  bank.  In  this,  a fixed  frequency  mlorowave  oscillator  down-converts  the  inocmlng  signal 
whioh  is  thmi  detected  in  the  filter  bank,  followed  ty  repetitive  impulsing  of  the  individual 
filter  used  to  identify  the  sisals  with  eubeequent  up  conversion  and  retransmission.  In  an 
extension  of  this  technique  the  same  filter  oould  be  converted  into  an  oscillator  using  a suitable 
feedbmok  oiroult. 

■CM  developments  are  at  aa  early  stage  but  it  is  already  dear  that  the  oost/size  advantages  of  same 
of  those  new  1 ignai  processing  components  will  omuse  some  baeio  rethinking.  Considerable  payoff 


T. 


oould  occur  in  relation  to  expendable  Jammers. 
CONCLUSIONS . 


The  radar  application  of  SAW  devices  which  we  have  discussed  in  this  review  are  presented  in  Table  1. 

At  a glance  it  is  possible  to  see  the  range  of  application  in  radar.  Partially  obscured  is  the 
importance  of  dispersive  delay  lines)  they  not  only  have  direct  application  in  pulse  compression  but 
are,  as  we  have,  seen,  vital  to  the  performance  of  spectrum  analysers  and  variable  delay  lines.  Our 
emphasis  has  been  on  devices  which  have  at  least  reached  the  stage  of  use  in  experimental  radar  aystems. 
Thus,  many  of  the  current  surface  wave  research  activities  have  been  neglected.  Activities  which  look 
promising  include  resonator  structures  ^ 10"1,  programmable  filters  QpJ  and  memory  correlators 


As  analogue  si-jial  processors,  surface  wave  devices  should  be  compared  with  charge  coupled  devices  (CCD) 
which  in  their  basic  form  are  analogue  shift  registers,  but  more  generally  can  perform  a wide  range  of 
signal  processing  operations.  For  processing  fixed  IF  signals  the  wide  bandwidth  and  dynamic  range  of 
the  passive  SAT  devices  give  them  clear-cut  advantages.  For  very  narrow  bandwidth  reqjirements  such 
as  the  determination  of  Doppler  frequency  shifts  we  have  seen  how  the  two  technologies  can  be  married 
(Section  IV).  Of  course  charge  coupled  devices  are  being  considered  on  their  own  merits  as  Doppler 
signal  processors. 

Competition  with  SAW  devices  comes  also  from  digital  oircuitry  but  this  is  weakened  by  power  consumption, 
cost,  and  the  problems  of  achieving  large  dynamic  range  A/D  converters  operating  over  large  bandwidths. 
Despite  the  inevitable  advance  of  digital  circuitry  we  foresee  SAW  devices  having  a continuing  part  to 
play  when  fixed  waveforms  have  to  be  processed,  when  stable  frequencies  have  to  be  generated  and  where 
the  simplicity  of  the  attributes  of  the  SAW  device  are  particularly  striking  (e.g.  spectrum  analysers). 

Returning  to  the  current  achievements  with  SAW  devices,  we  should  recognise  tliat  the  impact  of  SAW 
devices  only  beoomes  of  major  significance  when  their  existence  begins  to  influence  system  design. 

There  are  numerous  cases  where  this  is  already  happening.  For  example,  passive  generation  and 
nonlinear  chirp  in  pulse  compression,  very  compact  coherent  pulse  compression  subsystems,  clutter  refers 
ence  filters  and  sophistication  of  fuzes.  As  systems  engineers  become  more  familiar  with  the  properties 
and  potentialities  of  SAW  devices  we  can  anticipate  an  extension  of  this  list  to  include,  for  example, 
spread  speotrum  techniques  in  radar  and  development  of  sophisticated  ECM  techniques. 
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Fig  1 A simple  surface-wave  delay-line. 

(a)  For  piezoelectric  substrates, 
piezoelectric  substrate. 


Inset  shows  the  transducer  cross-section, 
(b)  For  piezoelectric  layer  on  a non- 
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Inpulse  response  and  frequency  response,  (a)  Unweighted  periodic  transducer, 
(b)  Sine  X weighted  structure. 


Input  pulse  200nS;  50MHz 


Output 


Fig  3 


Performance  of  SAW  variable  delay-line  unit 


The  performance  of  a Surface  wave  TV  filter  in  comparison  with  its 
specification.  The  inset  shows  an  encapsulated  device. 
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Fig  5 Single  sideband  FM  noise  spectral  density  as  a function  of. offset  from 
centre  frequency. 
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Surface-wave  implementation  of  a Fourier  transformer  usinj  the  chirp 
transform. 


Complete  IF  unit  for  a coherent  radar.  The  subsystem  contains  the 
waveform  generator  and  IF  receiver  circuits. 
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Could  you  comment  on  the  problems  of  multiple  reflections  between  the  transducers? 

Normally  that  part  of  the  signal  Involved  In  multiple  reflections  Is  small.  There 

Is  not  enough  time  now  to  discuss  this  In  detail. 

1 The  delay  In  a SAW  device  Is  given  by  the  spacing  of  the  transducers.  How  are 

variable  delay  lines  made? 

2 Is  It  possible  to  make  variable  filters  with  this  technique? 

1 SAW  delay  lines  usually  have  a fixed  delay:  discretely  variable  delay  Is  possible 
using  tapped  delay  lines.  Continuously  variable  delay  lines  use  combinations  of 
dispersive  delay  lines  and  voltage-controlled  oscillators.  A particular  scheme  is 
described  In  the  written  paper. 

2 Variable  filters  can  be  made  using  a related  technique.  A Fourier  transformer 
(as  already  described)  permits  the  frequency  components  of  a signal  to  be  displayed 
as  a function  of  time.  If  this  process  Is  followed  by  an  Inverse  Fourier  trans- 
form, (equally  easily  Implemented  using  SAW  techniques)  the  signal  Is  restored  to 
Its  original  form.  Between  the  two  processes  manipulation  of  the  signal  can  be 
performed  to  effect  filtering,  for  example  by  time-gating,  particular  Fourier  com- 
ponents can  be  stopped  or  selected  to  perform  band  stop  or  band  pass  functions. 

(See  PROC  IEEE  Ultrasonic  Symposium,  Los  Angeles,  1975). 

What  can  be  done  to  eliminate  the  RF  capture  effect  In  a pulse  compression  receiver? 
How  can  a non-linear  gain  control  be  used  In  such  a receiver? 

The  pulse  compression  filters  I have  discussed  will  do  nothing  to  eliminate  capture 
effects  due  to  non-linear  processes  which  precede  them.  Capcure  occurs  where  target 
responses  overlap,  and  preventing  overlap  la  the  only  effective  means  of  reducing 
It.  Overlap  Is  a more  serious  problem  In  pulse  compression  because  of  the  relat- 
ively long  transmitted  pulse.  I suggest  that  the  only  practical  method  of  elimin- 
ating capture  Is  to  use  large  dynamic  range  receivers. 

Quel  est  le  nombre  de  points  deflnls  dans  la  transformle  de  Fourier? 

The  tlme-bandwldth  product  of  the  Fourier  transformer  I described  was  250  so  that  It 
corresponds  to  a 250  point  Fourier  transform.  This  does  not  represent  a limit  and 
several  thousand  point  transforms  are  in  principle  possible. 

What  Is  the  dynamic  range  of  SAW  devices? 

SAW  delay  lines  have  a very  large  dynamic  range,  particularly  on  quartz  (100  dB  has 
been  quoted).  It  Is  less  for  LlNbO^  but,  even  so,  the  associated  electronics  are 

always  the  limiting  factor  In  dynamic  range. 

What  Is  a typical  Insertion  loss? 

Insertion  loss  varies  with  type  of  device.  Using  specialist  techniques  losses  as 
low  as  0.5  dB  have  been  achieved  In  narrow  band  filters,  while  some  dispersive 
delay  lines  give  losses  as  high  as  50  dB.  10  dB  Is  an  approximate  figure  for  non- 
dlsperslve  delay  lines  and  30  dB  for  dispersers.  Fortunately,  In  IF  processing 
loss  In  the  SAW  device  Is  rarely  a limiting  factor  In  setting  the  S/N  ratio  of  the 
receiver. 

Would  you  please  comment  on  when  and  how  a -70  dB  sldelobe  level  could  be 
accomplished? 

A -70  dB  maximum  sldelobe  level  Is  an  extremely  difficult  proposition;  It  Implies 
control  of  phase  and  asq>lltude  to  very  small  fractions  of  degrees  and  dB's-  There 
Is  no  motivation  for  achieving  this  level  of  performance  In  practical  dispersers 
since  the  required  weighting  factor  would  produce  a prohibitive  broadening  of  the 
compressed  pulse.  In  bend-pass  filters,  out-of-band  frequency  responses  as  low  as 
-70  dB  have  been  achieved  Indicating  a vary  high  degree  of  control  over  spurious 
responses . 

Probifemes  de  microphonia  de  derive  thermlque  dans  les  dlsposltlfs  SAW? 

I have  no  direct  experience  with  SAW  devices  operating  In  conditions  of  high 
vibration.  However  I can  say  that  SAW  oscillators  and  pulse  compression  filters 
have  not  exhibited  any  significant  problems  In  this  respect.  Thermal  effects  can 
be  minimised  on  quartz  by  correct  choice  of  orientation.  ST  cut  quartz  exhibits 
a zero  coefficient  of  temperature  near  room  temperature.  The  temperature 
coefficient  Is  approximately  3 ppm/*C  over  the  range  typically  specified  for 
military  applications.  LINbOj  Is  Inferior  In  this  respect,  Its  temperature 
coefficient  Is  about  80  ppm/*C. 


Id. 
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J D HAINES: 


Quand  on  axclta  unc  onde  de  surface  on  excite  ega lament  une  onde(a)  de  volume 
paraslte(a).  Comment  faltee-voua  pour  dllmlner  l'onde  de  volume? 

Some  volume  waves  are  easily  reduced  by  making  the  back  surface  of  the  substrate 
rough.  This  technique  does  not  remove  bulk  waves  which  propagate  close  to  the 
surface  and  such  waves  are  usually  eliminated  by  suitable  choice  of  crystalographlc 
orientation  for  the  piezoelectric  substrate  or  by  the  use  of  a device  called  a 
multlstrlp  coupler  In  strongly  piezoelectric  materials.  For  most  SAW  devices, 
bulk  acoustic  waves  should  not  now  be  a problem  when  the  device  Is  designed  by  a 
specialist  laboratory. 
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ANALOG  MEMORY  CORRELATORS  FOR  RADAR  SIGNAL  PROCESSING* 
Ernest  Stern 

Lincoln  Laboratory,  Massachusetts  Institute  of  Technology 
Lexington,  Massachusetts  02173 
United  States 


SUMMARY 

Acoustoelectric  convolvers,  memory  correlators  and  coherent  Integrators  are  being  developed  at 
M.I.T.  Lincoln  Laboratory  for  spread-spectrum  communication  and  radar  systems.  Performance  details  of 
each  of  these  devices  Is  given,  and  their  potential  utility  for  radars  Is  assessed.  For  example, 
memory-correlators  have  been  realized  which  perform  the  functions  of  storing  a reference  waveform  for  a 
time- interval  as  long  as  50  msec,  and  of  cross-correlating  subsequent  signals  with  the  stored  reference. 

In  a radar,  a sample  of  the  transmitted  pulse  could  be  stored  In  the  device,  and  radar  echoes  from  targets 
would  subsequently  correlate  with  a sample  of  the  actual  transmitted  signal.  This  Is  In  contrast  to 
conventional  radar  receivers,  where  radar  echoes  cross-correlate  with  a predetermined  matched  filter, 
which  may  or  may  not  be  matched  to  the  actual  transmitted  signal.  Radar  systems  are  periodically 
aligned,  to  bring  the  transmitted  waveform  characteristics  as  close  as  possible  to  the  characteristics 
of  the  matched  filter.  By  using  a memory  correlator  in  place  of  a matched  filter  It  seems  reasonable 
to  expect  a substantial  reduction  In  time  spent  to  re-align  the  system.  Also  the  memory  correlator  can 
be  used  to  process  any  waveform  which  lies  within  the  tlmo-bandwidth  constraints  of  the  device,  whereas 
a separate  matched  filter  Is  required  for  each  waveform  In  conventional  radars. 

1.  INTRODUCTION 

Modern  radars  transmit  frequency  or  phase-modulated  waveforms  to  resolve  targets  in  range  and 
velocity.  Usually  a fixed  matched  filter  Is  employed  to  obtain  the  maximum  possible  slgnal-to-noise 
ratio  in  the  receiver,  and  a waveform  generator-matched  filter  pair  Is  employed  for  each  waveform  In 
the  radar.  The  optimum  waveform  for  a particular  radar  function  depends  on  a host  of  parameters, 

Including  radar  power,  antenna  gain,  target  cross-section,  density  of  targets,  range,  the  presence  of 
Interfering  and  jamming  signals,  clutter,  etc.  Thus  a large  number  of  waveforms  would  be  desirable  to 
provide  for  a large  variety  of  situations.  However,  It  is  relatively  expensive  to  Implement  a given 
waveform,  and  the  radar  designer  with  a limited  budget  specifies  no  more  than  several  waveforms  in 
conventional  radars. 

Considerable  effort  has  been  expended  during  the  past  decade  to  develop  a more  flexible  signal 
processing  device  which  is  capable  of  processing  many  waveforms.  The  current  flowering  of  digital 
signal  processing  technology  Is  a result  of  this  effort,  and  digital  signal  processors  have  been  built 
that  can  handle  a large  variety  of  waveforms  having  moderate  bandwidths  and  tlme-bandwldth  products  of 
several  hundred.  These  devices  rapidly  Increase  In  size  and  complexity  for  signals  with  a bandwidth  in 
excess  of  several  tens  of  MHz,  or  with  a time  bandwidth  product  larger  than  1000.  An  alternative  technology 
which  exploits  surface  acoustic  wave  interactions  with  semiconductors  Is  being  explored  which  may  provide 
similar  signal  processing  flexibility  at  lower  cost,  power  consumption  and  size.  One  approach  is  to  use 
an  analog  Fourier  transform  technique  called  Chirp-Z.  Dr.  E.G.S.  Paige,  In  a paper  in  this  Proceedings, 
gives  a detailed  description  of  this  technique.  Other  approaches  utilizing  non-linear  acoustic  and 
acoustoelectric  interactions  are  also  being  explored  for  the  purpose  of  providing  either  the  convolution 
or  correlation  of  two  waveforms.  This  paper  describes  several  devices  currently  under  development  at 
Lincoln  Laboratory  which  perform  this  function. 

2.  SURFACE  ACOUSTIC  HAVE  CONVOLVERS 

The  convolver  has  been  investigated  widely  In  Norway1,  France2,  England1,  and  the  United  States". 

proposed  and  studied.  All  of  these  devices  provide  for 
for  the  nonlinear  Interaction  between  the  two  waveforms 
non-llnear  products.  This  provides  the  signal  pro- 


. f2(wt  + 8x)dx  . 


by  a factor  of  two,  the  output  corresponds  exactly  to 


an  acoustoelectric  convolver  with  a Lithium  Nlobate 
block  of  silicon  (SI)  as  shown  In  Fig.  1.  LINbOj  Is  a 
piezoelectric,  and  acoustic  waves  propagating  along  its  surface  typically  have  electric  fields  of 
several  hundred  volta/cm  associated  with  the  wave.  A block  of  n-type  SI  Is  held  a small  fraction  of  an 
acoustic  wavelength  away  from  the  surface  of  the  LiNbO,.  The  Si  surface  Is  ordinarily  depleted  of 
c*trlera,  as  shown  in  the  figure.  The  piezoelectric  field  distorts  the  carrier  distribution  as  shown 
schematically  In  the  figure,  and  the  Impedance  of  Incremental  transverse  segments  of  the  structure  are 
proportional  to  this  field  Intensity.  A reference  waveform  Is  entered  from  the  left  and  a signal  is 
entered  from  the  right  of  the  structure.  Where  these  signals  overlap  a current  Is  generated  which  la 


* This  work  Is  sponsored  by  the  Department  of  the  Army  and  the  Advanced  Research  Projects  Agency. 


Many  different  physical  configurations  have  been 
the  propagation  of  one  waveform  through  another, 
at  every  point  of  overlap,  and  for  summing  these 
cessing  function 


L 

J fjCut  ~Bx) 
o 

Except  for  time  compression  of  the  output  signal 
the  convolution  of  fj  with  f2. 

We  at  Lincoln  Laboratory  elected  to  develop 
(LINbOj)  surface  wave  delay  line  and  an  adjacent 
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proportional  to  the  product  of  the  local  fields.  These  Incremental  currents  are  Bummed  at  the  output 
electrode  and  the  signal  at  the  output  terminal  corresponds  to  the  convolution  of  the  reference  with  the 
signal.  Typically  the  silicon  must  be  held  2000  + 100  X away  from  the  LINbO,  for  optimum  performance. 
This  Is  done  with  a pseudorandom  distribution  of  small  spacer  posts  on  the  surface  of  the  LINbO,.  These 
posts  are  small  In  diameter  compared  to  an  acoustic  wavelength  and  are  separated  by  several  hundred 
wavelengths  to  minimize  the  scattering  of  acoustic  energy.  The  SI  Is  held  against  the  posts  with  a 
compliant  RTV  gel.  A photograph  of  the  open  device  Is  In  Fig.  2a,  which  shows  the  SI  strip  on  the 
transparent  gel,  and  the  LINbO.  delay  line  with  aluminum  ground  electrodes  and  transducer.  The  SI  Is 
placed  against  the  LlNbO^,  where  It  acts  as  the  center  conductor  of  a mlcrostrlp  line.  A picture  of 
the  partially  assembled  finished  convolver.  In  Fig.  2b,  shows  the  back  of  the  silicon  holder.  The 
silicon  strip  has  electrodes  at  each  end  and  In  the  middle.  The  end  electrodes  are  terminated  with  the 
characteristic  Impedance  of  the  mlcrostrlp  line  Inside  the  slots  at  the  ends  of  the  Internal  block. 

The  central  electrode  Is  connected  through  a transformer  to  the  output  terminal.  Impedance  matching 
networks  are  visible  at  the  two  Input  terminals  to  the  convolver. 

The  matched  filter  function  In  a radar  Is  the  correlation  of  a reference  with  the  signal,  which  Is 
equivalent  to  convolving  the  signal  with  the  time-reverse  of  the  reference.  This  can  be  done  readily 
for  phase  coded  waveforms  by  entering  the  reference  signal  Into  a first  In,  last  out,  random  access 
memory.  A typical  correlation  Impulse  Is  shown  In  Fig.  3 for  a 1000-bit  segment  of  a continuously 
changing,  very  long  pseudorandom  code  with  a bandwidth  of  100  MHz,  and  a time  duration  of  10  us.  The 
smeared-out  time  sldelobes  In  this  Instance  are  due  to  the  code,  not  the  device.  The  performance 
characteristics  of  the  device  are  susmarized  In  Table  1. 


Real-time  signal  processing  requires  several  convolvers  operated  In  tandem  In  order  to  provide  for 
continuing  presence  of  a time-reversed  reference  signal  for  returning  radar  echos.  In  order  to  avoid 
this  difficulty,  workers  at  Lincoln  Laboratory  searched  for  a means  to  provide  a stationary  reference 
waveform,  and  to  correlate  subsequent  signals  with  the  stationary  stored  reference.  We  call  this 
process  memory-correlation5.  Such  a device  should  perform  the  true  mathematical  function  of  correlation 
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3.  MEMORY  CORRELATOR 

Memory  correlators  are  currently  under  study  at  several  laboratories6’7’’.  We  simulated  on  a 
computer  the  function  of  a memory  correlator  in  order  to  evaluate  the  potential  usefulness  of  the  concept 
for  processing  typical  radar  waveforms.  Figure  4a  shows  the  cross-correlation  of  a doppler-shlf ted 
linear  frequency-modulated  waveform  with  an  Ideal  amplitude-weighted  reference.  Note  that  range  ambiguities 
occur  37  dB  below  the  main  signals.  Figure  4b  shows  the  cross-correlation  of  a badly  distorted  waveform 
(900*  cubic,  300°  quartlc  phase  error)  with  an  Ideal  reference.  Here  the  main  lobe  Is  broadened,  and 
many  range  ambiguities  are  obtained  well  above  the  -37  dB  level.  Figure  4c  shows  the  cross  correlation 
of  a doppler-shlf ted  distorted  signal  with  a reference  which  corresponds  to  the  Initial  distorted  transmitted 
waveform.  Notice  in  this  Instance  the  main  pulse-width  is  not  Increased,  and  the  range  ambiguities 
have  been  reduced  to  a negligible  number.  Thus,  the  ability  to  commit  to  memory  the  actual  linear- 
frequency  modulated  waveform  and  subsequently  correlate  radar  echoes  with  this  stored  reference  Is 
likely  to  yield  a signal  processing  system  which  is  forgiving  of  phase  distortions  in  the  waveform 
generator  and  radar  system.  However,  memory-correlators  cannot  compensate  effectively  for  amplitude 
errors,  and  care  must  be  taken  to  maintain  the  appropriate  amplitude  characteristics  in  the  system. 

The  current  most  successful  memory-correlator  configuration  is  shown  In  Fig.  5.  It  is  similar  to 
the  acoustoelectric  convolver,  except  that  the  Si  Interface  Is  covered  with  a two-dimensional  array  of 
Schottky  diodes.  The  dl >des  are  on  10  ohm-cm  n-type  Si.  The  equivalent  circuit  for  the  diodes  Is 
and  electronically  variable  resistor  In  parallel  with  a variable  capacitor.  In  the  forward-bias  state, 
the  RC  time  constant  of  the  circuit  Is  about  one  ns,  and  In  the  reverse  bias  state, It  can  be  as  large  as 
0.1  sec  at  25*C.  A reference  waveform  Is  entered  on  the  lithium  nlobate  as  shown  in  Fig.  5a.  When 
the  waveform  Is  In  position,  the  Schottky  diodes  are  forward  biased  momentarily,  currents  flow  in  response 
to  the  combined  bias  and  piezoelectric  fields,  and  Image-charges  are  retained  In  the  diode  contacts  In 
response  to  the  piezoelectric  field  of  the  surface  wave.  Figure  5b  shows  this  retained  charge  distorting 
the  underlying  carrier  distribution  and  locally  affecting  the  Impedance  of  the  SI.  A subsequent  signal 
Interacts  nonllnearly  with  the  SI  to  produce  the  true  correlation  of  the  signal  with  the  stored  image. 

Unlike  the  convolver  of  Fig.  1,  the  output  signal  Is  not  time-compressed,  because  the  reference  waveform 
Is  stationary  rather  than  moving.  Since  It  Is  possible  to  enter  the  signal  from  the  same  port  as  the 
reference.  It  Is  not  necessary  to  time-reverse  the  reference. 

Prototype  devices  have  been  built  and  demonstrated,  and  some  results  obtained  with  the  device  are 
shown  In  Fig.  6,  where  a CU  pulse  signal  Is  entered  Into  storage,  and  a continuous  sequence  of  Identical 
read-out  signals  are  applied.  Since  the  read-out  signals  are  Identical,  the  variation  In  the  output 
signal  Is  directly  proportional  to  the  strength  of  the  stored  Image.  The  output  Is  shown  as  a function 
of  writing  Impulse  duration,  and  storage  time.  Notice  that  the  full  Image  Is  entered  Into  storage  in 
about  a ns,  and  that  the  decay-time  of  a stored  Image  Is  about  100  ms  In  this  particular  diode  array. 

Most  of  this  decay  Is  due  to  leakage  currents  at  the  periphery  of  the  Schottky  diodes,  and  orders  of 
magnitude  greater  storage  time  could  be  available  by  lowering  the  temperature  of  the  diodes,  and  by 
minimizing  these  leakage  effects.  These  measurements  were  made  with  a diode  array  on  12.5  pm  centers. 

The  output  signal  Is  found  to  be  Independent  of  signal  frequency  up  to  100  MHz,  at  which  point  only  2 
1/2  diodes  per  wavelength  are  available.  Further  Increases  In  frequency  cause  a decline  In  output 
signal,  due  to  Insufficient  storage  elements  per  wavelength.  A typical  acoustic  transducer  has  a 
fractional  bandwidth  of  302  and  Is  100  wsvalengths  wide.  Consequently  each  signal  sample  is  stored  In 
approximately  two  thousand  diodes,  and  since  the  diodes  are  not  electrically  Interconnected,  a random 
distribution  of  defective  diodes  has  a negligible  effect  In  the  performance  of  the  device.  We  are 
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currently  working  on  a device  with  a bandwidth  capacity  of  100  MHz  with  a carrier  frequency  of  300 
MHz.  The  diode  arrays  for  this  device  are  on  4 u»  centers.  A preliminary  result  with  such  an  array, 
without  the  overlay  metallization,  was  obtained,  and  Is  shown  In  Fig.  7.  The  insertion  loss  and  the 
correlation  output  as  a function  of  frequency  Is  shown  In  the  figure.  Notice  that  the  correlation 
output  closely  tracks  the  insertion  loss  of  the  delay  line.  Thus  the  bandwidth  appears  to  be  limited 
primarily  by  the  delay  line,  and  not  by  the  Schottky  diodes.  Also  notice  that  a bandwidth  of  approxi- 
mately 30  MHz  Is  available  in  this  device  at  an  output  signal  level  of  -40  dBm,  for  input  signals  of  13 
dBm.  A dynamic  range  of  45  dB  Is  available  with  a post-amplifier  having  an  output  noise  level  of  -96 
dBm.  A linear  frequency-modulated  waveform  was  entered  into  memory,  and  a subsequent  identical  signal 
was  correlated  with  it.  The  output  signal  Is  shown  in  Fig.  8 with  time  sidelobes  13  dB  below  the  main 
pulse.  The  nulls  between  sidelobes  are  distorted,  partly  as  a result  of  the  exponential  amplitude- 
weighting  of  the  stored  image  and  of  tha  subsequent  signal,  which  is  caused  by  the  acoustoelectric  loss 
in  the  device.  It  is  possible  to  compensate  for  this  effect  by  adjusting  the  gap  spacing  or  by  varying 
Schottky  diode  density. 

Generally  it  is  desirable  to  include  some  form  of  aropll tude-welght ing  in  a natched  filter  to 
minimize  range  ambiguities.  Perhaps  an  accurate  electronically-variable  attenuator  could  be  used  to 
weight  the  reference  signal  with  a Hamming  function,  or  some  other  appropriate  function.  This  attenuator 
would  be  placed  in  the  reference  waveform  circuit,  where  its  operation  would  be  synchronized  with  the 
reference  signal. 

The  output  signal  amplitude  is  proportional  to  the  ratio  of  the  signal  length  with  respect  to  the 
memory  correlator  length.  Thus  cross-correlating  a 0.1  \is  pulse  with  its  reference  in  a 10  us-long 
device  would  produce  an  output  signal  of  about  -80  dBm,  which  would  be  40  dB  below  the  maximum  available 
output.  If  radar  pulses  are  to  be  accomodated  with  different  time  durations,  then  it  would  be  desirable 
to  use  an  extended  phase-coded  transducer  on  the  correlator,  as  shown  in  Fig.  9.  For  example,  if  a 
transducer  pattern  3 us  long  is  used,  then  the  output  signal  due  to  a very  short  pulse  could  be  no  more 
than  10  dB  below  the  maximum  output  signal  in  a 10  Us-long  memory-correlator.  This  is  because  both  the 
reference  waveform  and  the  subsequent  signal  would  be  time-expanded  to  at  least  3 ps. 

These  concepts  and  results  suggest  that  it  should  be  possible  to  build  a memory  correlator  having  a 
bandwidth  of  100  MHz,  a time  duration  of  10  us,  a dynamic  range  of  50  dB  and  a storage  time  in  excess  of 
10  ms.  Such  a device  could  accommodate  all  waveforms  which  lie  within  these  values.  Such  a device  would 
be  forgiving  of  phase  errors  in  linear  frequency-modulated  waveforms,  and  relatively  inaccurate  and 
inexpensive  electronically  variable  analog  waveform  generators  could  be  used.  Since  the  memory-correlator 
is  self-compensating  for  phase-variations  in  the  transmitted  waveform,  a transversal  equalizer  might  not 
be  necessary  in  the  radar  set,  and  system  down-time  due  to  re-tuning  the  transversal  equalizer  might  be 
avoidable. 

4.  COHERENT  INTEGRATOR 

There  are  radar  waveforms  which  exceed  these  parameters.  In  particular,  a sequence  of  phase- 
coherent  radar  pulses,  often  called  a burst  waveform,  have  coherence-t ime  durations  extending  to  the  ms 
range.  The  subpulses  in  such  waveforms  are  typically  no  larger  than  20  us  long,  and  the  subpulse  is 
phase  or  frequency-modulated  to  improve  range  resolution.  Such  waveforms  are  used  to  resolve  nearby 
radar  targets  by  detecting  differences  in  velocity  due  to  doppler  shifts.  A modified  version  of  the 
memory  correlator  has  been  demonstrated  which  could  be  used  to  provide  this  velocity  resolution.  The 
device  is  called  a coherent  Integrator,  and  it  is  shown  schematically  in  Fig.  10.  It  is  identical  to 
the  memory  correlator  except  that  the  Schottky  diodes  are  overlayed  with  polycrystalline  Si.  The  effect 
of  this  overlay  is  to  connect  a serles-RC  circuit  across  each  diode  with  a time  constant  of  approximately 
1 us,  as  shown  in  the  figure.  A signal  stored  in  the  Schottky  diode  array  contacts  diffuses  into  the 
polyslllcon.  The  initial  charge  in  the  polyslllcon  is  retained  despite  the  subsequent  application  of  a 
short  Impulse  because  of  the  relatively  long  time-constant  of  the  polyslllcon.  If  the  second  and 
successive  signals  are  exactly  registered  with  each  other,  then  the  stored  charge  in  the  polyslllcon 
Increases  wltl  the  number  of  overlays. 

A succession  of  3 us  CW  pulses  were  overlayed  in  a coherent  Integrator  prototype,  and  the  results 
are  shown  in  Wg.  11.  In  this  experiment  a signal  is  entered  every  8 ms,  and  an  identical  readout 

signal  is  entered  shortly  thereafter,  as  indicated  in  the  figure.  The  output  signals  are  plotted  as  a 

function  of  time.  Notice  that  the  stored  signal  exponentially  approaches  a saturation  value  in  about  80 
ms.  This  saturation  effect  is  due  to  the  storage  time-constant  of  the  back-biased  Schottky  diodes. 

This  device  could  be  used  to  process  burst  waveforms.  Suppose  there  are  n subpulses  in  a burst  wave- 
form which  is  transmitted  by  a radar.  Then  the  received  signal  would  be  connected  in  parallel  to  m 

identical  coherent  integrators  as  shown  in  Fig.  12.  All  coherent  Integrators  are  simultaneously  impulsed 
to  store  the  first  pulse  returned  from  all  targets  in  the  designated  range  window.  Each  coherent 
Integrator  is  impulsed  n-1  times  more  in  an  attempt  to  overlay  the  remaining  pulses.  However,  the  timing 
of  the  write  impulses  to  each  coherent  integrator  is  modified  slightly  to  correspond  to  the  anticipated 
time  compression  anticipated  in  each  velocity  channel.  Thus  only  echoes  from  targets  with  a particular 
velocity  are  overlayed  in  any  one  device.  A reference  waveform  is  subsequently  propagated  through  all 
coherent  integrators,  and  the  output  signals  from  any  one  device  correspond  to  all  targets  of  a particular 
velocity  in  the  range  window.  The  combined  outputs  from  m coherent  integrators  resolve  all  targets  in 
range  and  velocity  that  occur  within  the  range  window. 

Such  devices  might  eventually  become  available  for  processing  burst  waveform  echoes  from  targets 
inside  a 5 km  range  window.  The  burst  could  have  sub-pulse  bandwidths  up  to  100  MHz,  and  coherence 
times  of  10  ms. 
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5.  CONCLUSION 

In  summary,  acoustoelectric  convolvers  have  been  reduced  to  practice  with  time-bandwidth  products  of 
1000  and  bandwidths  of  100  MHz.  Memory  correlators  with  similar  capacities  show  promise  of  being  capable 
of  processing  a multitude  of  waveforms,  and  are  expected  to  be  insensitive  to  phase  distortions  in  a radar. 
Coherent  Integrators  have  been  demonstrated  which  may  ultimately  be  capable  of  piocessing  a large  number 
of  burst  waveforms  with  many  different  subpulse  and  Inter-pulse  parameters,  but  with  a limited  range 
window  of  about  five  miles.  The  modulation  of  the  subpulses  In  a particular  burst  waveform  must  be 
identical,  but  the  time-delay  among  subpulses  could  be  varied  to  minimize  doppler  and  range  ambiguity. 

All  these  components  are  relatively  small  and  are  likely  to  require  a relatively  small  amount  of 
peripheral  electronic  equipment.  With  components  such  as  these  it  may  become  possible  to  use  sophisticated 
waveforms  in  relatively  inexpensive  radars. 
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TABLE  1 


Convolver  Performance  Summary 


Bandwidth 

Convolution  Interval 
Time-Bandwidth  Product 
Convolution  Uniformity 

Dynamic  Range 

Spurious  Signals 
Temperature  Range 


100  MHz 
10  ysec 
1000 

+ 1/2  dB 

50  dB  (+14  dBm 
reference  input) 

>40  dB  down  from  output 

-25°C  to  +50°C 


Reference 


Carriers 


ACOUSTOELECTRIC  CONVOLVER 


Fig.  1 Acoustoelcctric  convolver  schematic 
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Fig  2 Disassembled  convolver  showing  lithium  niobate  and  silicon  elements.  The  silicon  is  on  RTV  gel.  and  the 
lithium  niobate  delay  line  has  metallic  ground  planes  and  transducers  on  its  surface 
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CROSS  CORRELATION  OF  LINEAR  FM  SIGNAL 
(TW  « ISO,  target  velocity  18000  mph) 

WITH  IDEAL  PULSE  COMPRESSOR  HAVING 
40-dB  TAYLOR  WEIGHTING 

Fig.4(a)  Cross  correlation  of  linear  FM  signal  (TW-1 50,  target  velocity  1 8000  mph)  with  ideal  pulse 
compressor  having  40-dB  Taylor  weighting 


CROSS -CORRELATION  OF  DISTORTED  FM  SIGNAL 
(TW  • ISO,  forget  velocity  18000  mph) 

WITH  IDEAL  PULSE  COMPRESSOR  HAVING 
40-dB  TAYLOR  WEIGHTING 

DISTORTION  IS  900*  CUBIC,  300*  OUARTIC  PHASE  ERROR 


Fig.4(b)  Cross  correlation  of  distorted  FM  signal  having  900-deg  cubic,  300-deg  quartic  phase 

error  with  ideal  pulse  compressor 
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CROSS-CORRELATION  OF  DISTORTED  FM  SIGNAL 
(TW  * 150,  forget  velocity  is  18000  mph) 

WITH  DISTORTED  REFERENCE  WAVEFORM 
HAVING  40-dB  TAYLOR  WEIGHTING 
DISTORTION  IS  900°  CUBIC.  AND  300°  QUARTIC 
PHASE  ERROR 

Fig. 4(c)  Autocorrelation  of  distorted  FM  signal  having  900-deg  cubic,  300-deg  quartic  phase  error 


(b) 


Fig. 5 Schottky  diode  memory  correlator:  (a)  forward  and  reverse  biased  Schottky  diodes  have  a time  constant 
of  I O'"*  and  I O'1  sec.  Equivalent  circuit  is  shown.  When  an  acoustic  signal  is  in  position  the  diodes  are 
forward  biased  momentarily  and  an  instantaneous  current  flows  in  response  to  the  piezoelectric  field. 

(b)  The  retained  charge  on  the  Schottky  diode  contact  distorts  the  carrier  distribution  in  the  bulk  silicon. 
Subsequent  signals  cross-correlate  with  this  carrier  distribution 


Fig. 8 Correlation  of  a linear  frequency-modulated  impulse  im  memory  correlator. 
The  impusc  bandwidth  is  30  MHz  with  a duration  time  of  1.5  ps 


ACOUSTIC 

TERMINATION 


Fig. 9 Memory  correlator  with  extended  input  transducer 


Schematic  of  coherent  integrator.  The  time  constant  RpCp  = 1CT*  sec.  The  constant  R,CS 
forward  and  reverse-biased  Schottky  diodes  is  10"’  and  I0~‘  sec,  respectively 


WRITE 


TIME  (msec) 


INTEGRATION  GAIN  AND  DECAY 


Fig.  1 1 Output  voltage  of  coherent  integrator  with  respect  to  time.  Pulses  are  entered  into  storage  as  indicated 
and  a read  impulse  is  entered  shortly  thereafter.  The  output  signal  shows  the  cross-correlation  of  the  read 
impulse  with  the  accumulated  stored  sum.  At  120  ms  the  writing  is  discontinued  and 
the  decay  of  the  sorted  sum  is  observed 
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DOPPLER 

OUTPUT 

CHANNELS 


BURST-MATCHED  FILTER 

Fig.  1 2 Schematic  of  burst  waveform  processor  with  coherent  integrators. 
The  processor  has  n doppler  resolution  outputs 
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DISCUSSION 


Could  you  coament  on  the  possibility  of  asking  dispersive  delsy  lines  with  s long 
dispersive  tine  by  csscsdlng  severel  lines? 

Csscsdlng  lines  ususlly  csuses  bsndvldth  compression  and  Introduces  phase  error. 
Bandwidth  compression  can  be  anticipated  end  Incorporated  In  the  design,  and  phase 
error  can  be  measured  and  subsequently  corrected.  We  are  building  s device  of 
two  cascaded  expander-compressors  and  anticipate  good  performance  for  s dispersion 
of  300  pS. 

Does  the  phase  correction  have  to  be  added  to  an  array  after  construction  and 
metallisation,  and  does  this  represent  a departure  from  the  usual  SAW  device 
processing  cycle?  How  does  this  affect  overall  processing  time  and  device  cost? 

Phase  correction  Is  unnecessary  In  devices  of  modest  processing  capacity. 

Devices  with  time-bandwidth  products  In  excess  of  several  hundred  require  some 
compensation.  It  la  a necessary  step  If  near-ideal  performance  la  desired. 

The  compensation  la  done  with  a computer-aided  design  procedure  and  Increases  the 
cost  by  about  252. 


r 


10-1 


I 


MTI-FILTERS  USING  SERIAL  ANALOGUE  MEMORIES 

by 

Dr  W.Kothmann 

Siemens  AG,  Zentral-Laboratorium  fiir 
Nachrichlentecknik, 

Lab.  747 

8000  Miinchen  70 
Postfach  70  00  77 
Germany 


MTI  FILTERS 

One  of  the  many  results  of  the  great  technological  progress  in  the  field  of  semiconductors  in  the  last  decade  has 
been  the  development  of  MTI  filters  for  the  suppression  of  permanent  echoes  in  pulse-doppler  radar  sets  with  con- 
siderably improved  performance.  The  development  .objective  has  been  greater  flexibility  and  stability,  higher 
processing  speed,  lower  volume  and  smaller  production  costs.  It  is  particularly  since  the  appearance  of  large-scale 
integrated  MOS  shift  registers  and  complete  TI  L arithmetic  units  that  it  has  been  possible  to  develop  low-cost  MTI 
filters  which  are  satisfactory  in  operation.  The  following  points  favoured  their  development. 

1.  Simple  adaptation  of  the  filter  characteristics  to  the  special  operating  parameters  of  a radar  set  (e.g. 
minimum  velocity  of  indicated  target,  variation  of  the  pulse  repetition  frequency  to  avoid  blind  speeds  etc.). 

2.  High  stability  of  all  characteristics  with  regard  to  environmental  stresses  and  ageing  phenomena. 

3.  Simple  simulation  procedure  on  a large  computer,  and  as  a result  the  possibility  of  optimizing  all  important 
operating  parameters  before  hardware  development.  Furthermore,  all  the  specification  data  necessary  for 
the  production  of  test  records  are  obtained  almost  as  a byproduct. 

4.  The  use  of  components  with  standardized  cases  This  makes  possible  the  development  of  a low-cost  filter 
building-block  system  with  simple  test  procedures  for  the  individual  modules  (modular  system). 

Much  effort  has  therefore  been  devoted  in  recent  years  to  clarifying  characteristics  of  these  filters  which  have 
not  previously  been  investigated,  and  to  avoiding  their  weaknesses  or  at  least  reducing  the  effect  of  them.  Efforts 
were  concentrated  in  three  principal  directions: 

(a)  Imp'ovements  based  on  theoretical  considerations.  An  attempt  was  made  to  extend  the  attainable  dynamic 
rang  : of  the  filters  for  a given  signal  resolution  by  suitable  modification  of  the  transfer  function,  by 
splitting  into  subsystems  and  by  suitably  combining  the  subsystems  with  each  other. 

(b)  Improvements  in  the  subsystems  themselves  as  a result  of  optimization  processes.  By  limiting  the  costly 
arithmetic  units  to  the  absolutely  necessary,  an  endeavour  was  made  to  arrive  at  solutions  with  the  minimum 
number  of  components,  with  low  dissipations  and  maximum  circuit  transparency. 

(c)  Improvements  in  component  technology.  By  using  recently  developed  technologies,  attempts  have  been 
made  to  obtain  solutions  requiring  less  space  and  less  power  with  simultaneously  increased  filter  operating 
speed. 

In  this  context  it  has  been  possible  to  increase  the  speed  of  A/D  converters,  which  represent  the  weakest  link 
in  a digital  MTI  filter,  and  favourable  solutions  have  been  found  for  the  design  of  multipliers  in  the  filter  sections. 

As  an  example,  (Fig. I),  see  Paper  I.  I would  like  to  show  you  a circuit  design  for  a digital  MTI  filter  with  Chebyschev 
approximation  response,  which  has  been  optimized  with  regard  to  dynamic  range  for  permanent  echoes  and  moving 
targets.  It  employs  a signal  resolution  of  1 1 bits  + sign.  The  filter  coefficients  have  been  reduced  to  a maximum 
of  two  simple  powers  of  two,  so  that  simple  adders  could  be  used  instead  of  costly  multiplers.  The  resulting  devia- 
tion in  magnitude  of  the  transfer  function  from  the  nominal  is  not  more  than  0.5  dB.  Operation  of  the  A/D  con- 
verter is  based  on  the  principle  of  step-by-step  approximation  with  a conversion  time  of  about  3 jus.  It  is  the 
principal  factor  determining  the  maximum  operating  speed  of  the  MTI  Filter. 

There  are  no  doubt  radar  applications  for  which  a moderate  dynamic  range  is  adequate,  but  for  which  a greater 
range  resolution  is  required.  This  would  require  even  higher  conversion  and  computing  speeds  and  could  well  be 
very  difficult  to  realize. 
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A way  out  of  this  situation  is  available  if  the  signals  are  retained  in  their  original  analogue  form  and  electric 
charge  storage  devices  are  employed  as  storage  elements.  The  following  advantages  result  for  the  design. 

1.  The  A/D  converter  is  eliminated. 

2.  Simple  resistive  voltage  dividers  can  be  used  instead  of  multipliers. 

3.  Adders  take  the  form  of  small  operational  amplifiers. 

The  first  analogue  storage  elements  with  low  operating  speed  available  on  the  market  were  the  bucket-brigade 
devices.  They  consist  of  a chain  of  discrete  sample-and-hold  circuits,  as  shown  in  Figure  2.  Each  stage  alternately 
stores  signal  values  for  half  a clock  period,  i.e.  two  sample-and-hold  circuits  per  delay  stage  are  necessary. 

Unfortunately  the  signal  values  are  incompletely  transferred  from  stage  to  stage,  i.e.  the  input  amplitude  appears 
in  an  attenuated  form  after  passing  through  the  complete  bucket  chain  and  signal  residues  remain  in  the  preceding 
stages  see  Figure  3.  This  leads  to  target  echo  residue  trailing  behind  the  true  target  echo  and  results  in  range 
smearing  on  the  indicator.  The  number  of  range  intervals  affected  by  range  smearing  increases  with  increasing 
shift-pulse  frequency,  i.e.  as  the  range  resolution  of  the  radar  set  is  increased.  In  addition,  interference  voltage 
components  of  the  shift  pulses  considerably  limit  the  dynamic  range  of  the  complete  filter.  Although  the  effect  of 
the  ambient  temperature  on  the  signal  amplitude  in  the  range  intervals  is  relatively  low  in  the  individual  stages,  this 
effect  is  cumulative  and  not  negligible  at  the  end  of  the  chain.  It  results  in  a filter  with  very  temperature-dependent 
characteristics. 

CCD’s  represent  a further  development  of  the  analogue  shift  register.  In  principle  they  are  similar  to  BBD's. 

In  CCD's  electric  charges  with  magnitudes  corresponding  to  the  input  signal  amplitudes  are  transmitted  beneath  the 
surface  of  a semiconductor  crystal  in  step  with  suitably  chosen  timing  pulses  and  converted  back  into  a signal  voltage 
at  the  output.  The  characteristics  of  these  devices  have  been  continuously  improved  in  recent  years  and  their  use  in 
MTI  filters  has  been  investigated  many  times.  The  RFTICON  Co.  of  Mountain  View,  California  has  been  offering 
low-cost  serial  analogue  memories  (SAM's)  for  about  I 1/2  years  now. 

Their  mode  of  operation  is  as  follows:  Two  independent  shift  registers  activate  a series  of  switches  see 
Figure  4.  One  register  and  its  associated  multiplexer  sequentially  time  sample  the  analogue  input  signal,  and  store 
each  sample  on  an  individual  capacitive  storage  element.  This  register  is  referred  to  as  the  read-in  register  since  it 
reads  the  input  signal  into  the  memory.  The  second  register  (referred  to  as  the  read-out  register)  and  its  associated 
multiplexer  are  used  to  sequentially  interrogate  the  memory  elements,  thus  reconstructing  an  analogue  output  signal 
which  is  identical  to  the  input  signal,  but  with  a new  time  base. 

The  two  shift  registers  are  driven  by  digital  clocks  which  may  be  independent  from  each  other  and  determine 
the  read-in  read-out  sample  rates.  So  the  SAM  may  be  operated  as  an  analogue  delay  line  by  clocking  both  registers 
at  the  same  rate,  but  delaying  the  initiation  of  read-out  with  respect  to  read-in. 

This  device  is  thus  very  flexible,  any  desired  shift  register  length  can  be  obtained  by  suitable  clocking  of  the 
read-in  and  read-out  processes.  The  maximum  shift-pulse  frequency  is  quoted  as  12  MHz,  i.e.  a maximum  range 
resolution  of  12.5  m is  theoretically  possible  in  a radar  set.  A dynamic  range  of  at  least  50  dB  is  quoted  for  the 
device  SAM  64.  Using  this  device  we  have  developed  and  tested  a first  laboratory  model  of  an  MTI  filter.  The 
results  obtained  indicate  that  the  attainable  dynamic  range  of  the  complete  filter  is  smaller  than  anticipated.  The 
reason  for  this  is  indicated  below. 

The  signals  in  the  individual  storage  locations  of  this  device  cannot  be  read  out  and  read  in  again  simultaneously. 
Thus  when  all  available  storage  cells  are  used  it  is  necessary  to  run  the  two  processes  sequentially,  i.e.  first  read  out 
and  then  read  in  again.  The  64  storage  locations  in  this  device  can  thus  accept  signals  from  only  63  range  intervals 
see  Figure  5. 

This  also  means  that  signals  from  a particular  range  interval  must  be  read  into  different  storage  locations  in  each 
receive  period.  The  next  illustration  shows,  as  an  example,  how  a signal  is  read  in  to  storage  location  I during  the 
first  receive  period  while  simultaneously  storage  location  2 is  read  out.  After  63  range  intervals,  i.e.  in  the  same 
range  gate  of  the  next  receive  period,  the  signal  occurs  in  storage  location  64.  Storage  location  I is  read  out.  in 
the  following  receive  period  storage  location  63  is  read  in.  storage  location  64  read  out,  and  so  on.  Since  residual 
voltages  of  varying  magnitudes  occur  at  the  switching  transistors  of  the  individual  stages,  the  echo  from  a range 
interval  is  subjected  to  a different  offset  voltage  in  each  receive  period,  which  manifests  itself  as  a periodic  inter- 
ference voltage  limiting  the  filter  dynamic  range. 

The  conditions  can  be  improved  if  the  register  is  modified  as  shown  in  Figure  6. 

I.  An  additional  delay  amounting  to  one  range  interval  is  provided  by  means  of  discrete  sample-and-hold 
circuits  at  the  outputs  of  the  shift  registers.  The  result  of  this  is  that  a definite  fixed  storage  location  in 
the  SAM  64  device  can  be  assigned  to  each  range  interval  after  every  64  range  intervals,  and  the  offset 
voltage  for  each  individual  range  interval  remains  constant. 
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2.  A filter  section  after  the  manner  of  a delay-line  canceller  or  a double-delay-line  canceller  is  provided  as  the 
last  filter  stage  and  used  to  suppress  the  constant  interference  signals,  so  that  only  the  residual  offset  voltage 
from  this  stage  remains. 

An  MTI  filter  for  128  range  intervals  based  on  these  principles  has  the  circuit  design  shown  in  Figure  7.  It 
consists  of  the  series  connection  of  a delay-line  canceller  and  a double-recursive  stage,  in  which  the  available  shift 
registers  are  used  twice,  combined  with  a double-delay-line  canceller.  Strong  permanent  echoes  are  so  attenuated  in 
the  first  stage  that  they  do  not  overdrive  the  double-recursive  stage,  which  exhibits  strong  resonance  in  the  vicinity 
of  the  filter  cutoff  frequency.  The  filter  coefficients  are  set  with  the  aid  of  potentiometers  and  are  derived  from  a 
design  based  on  a bilinear  Z transformation  for  a filter  with  Chebyschev  approximation. 

Figure  8 shows  the  mechanical  design  of  the  filter  using  a buropa  PC  board  with  dimensions  100  x 160  mm. 

The  associated  transfer  function  in  the  range  from  zero  to  half  the  sampling  frequency  is  shown  in  Figure  9 together 
with  the  theoretical  curve.  In  the  temperature  range  from  — 40°C  to  + 85°C  the  curve  does  not  deviate  by  more  than 
10.5  dB  from  that  measured  at  25°C.  The  signal  at  the  filter  output  in  16  consecutive  range  intervals  is  shown  in 
the  next  illustration  in  order  to  demonstrate  the  low  crosstalk  see  Figure  10.  Simulated  moving  target  signals 
were  injected  into  every  fourth  range  interval  only.  A crosstalk  attenuation  of  about  35  dB  was  measured.  The 
manufacturer  quotes  an  upper  clock  frequency  limit  of  12  MHz  for  the  SAM  64.  However,  the  filter  that  we  have 
built  cannot  operate  so  quickly,  since  some  of  the  operational  amplifiers  employed  cannot  satisfactorily  process 
signals  at  such  a clock  frequency. 

I would  like  to  conclude  with  a comparison.  If  one  wished  to  produce  the  same  filter  using  digital  devices, 
one  would  preferably  use  filter  components  from  a building  block  system  for  reasons  of  reduced  development  costs, 
simplified  production  and  in-service  testing. 

It  would  probably  have  to  consist  of  two  or  three  modules  of  100  x 160  mm  Europa  board  size,  together  with 
at  least  one  further  module  for  the  A/D  converter.  The  complete  MTI  filter  with  comparable  characteristics  would 
thus  consist  of  three  or  four  modules.  The  necessary  electric  power  would  be  in  the  ratio  3.5  : 1 and  material  costs 
about  in  the  ratio  4:1. 

The  MTI  filter  that  has  been  described  represents  a contribution  in  the  search  for  smaller  and  more  economic 
solutions  and  can  be  seen  as  an  alternative  to  solutions  using  BBD's  and  CCD’s.  If  it  becomes  possible  in  future 
to  develop  storage  elements  with  even  greater  dynamic  ranges  and  operational  amplifiers  with  even  higher  cutoff 
frequencies  accompanied  by  adequate  gain,  and  if  these  devices  also  have  sufficient  temperature  stability,  there  will 
be  no  barrier  to  the  return  to  analogue  signal  processing  in  MTI  filters. 


Processing  scheme  of  SAM  64  (unmodified) 
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Fig.6  Processing  scheme  of  SAM  64  with  additional  sample-and-hold-circuit 


2x  5AM64  JS*H 


2 x SAM64  IS*H 


clock  generator 


Fig. 7 Actual  circuit  of  the  MT1  filter  with  SAM  64 
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DISCUSSION 


What  la  the  storage  time  In  a BBD  element? 

I cannot  recall  the  exact  valuea  but,  typically,  theae  could  be  aeveral  micro- 
seconds  delay  time  per  cell.  For  exact  values  I reconraend  that  you  consult  the 
data  sheets  from,  for  example,  ITT,  Philips  etc.  The  total  storage  time  Is  the 
delay  time  per  cell  multiplied  by  the  number  of  cells  In  the  particular  element. 

How  could  these  filters  be  extended  to  cover  more  than  64  range  cells,  (for  example 
by  cascading  storage  elements)  and  would  this  result  In  any  degradation  of 
performance? 

Certainly  It  cannot  be  recosmended  to  simply  cascade  the  SAM  64  devices  because  the 
disturbing  effects  of  each  Individual  element  would  be  added  up.  Better  results 
are  obtained  If  the  signals  to  be  delayed  are  Interchangeably  distributed  on  the 
several  elements,  le  signal  from  range  element  no.  1 Is  fed  Into  SAM  element  No.  1, 
signal  from  range  element  No.  2 Is  fed  Into  SAM  element  No.  2,  signal  from  range 
element  No.  3 Is  fed  Into  SAM  element  No.  1 etc. 

Could  you  quote  a figure  for  sub-clutter  visibility  for  your  filter? 

An  exact  value  of  SCV  cannot  be  given  yet,  but  35  to  40  dB  Is  estimated.  The  SCV 
depends  not  only  on  the  filter  performance  but  also  on  the  transmitter  and  local 
oscillator  performances,  etc. 
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" A REAL-TIME  FR  PROCESSOR  POR  RADAR  " 

A.  Coetanzi,  S.  Diouonso,  0.  Oalati,  P.  Seri 
SELEHIA  , Rone , Italy 


SUMMARY 

The  paper  la  divided  in  seotions.  In  the  flret  one,  the  general  features  of  FFT 
(Fast  Fourier  Transfora)  algorithm  are  briefly  exposed,  and  the  behaviour  of  an  FFT 
prooeaeor  in  data  filtering  is  summarized.  The  seoond  seotlon  is  dedioated  to  the 
problems  oonneoted  to  FFT  processing  in  pul se-Doppler  radars.  The  third  sections 
shows  how  the  arohit eotural  ohoioee  result  from  the  system  considerations  exposed 
in  seotlon  two.  Besides,  the  FFT  processor's  prototype  and  its  testing  procedures 
are  briefly  described. 


1.  IRRODPCTIOH 


1.1  The  FFT  algorithm 


The  Fourier  Transform  algorithm  is  very  useful  in  prooessing  of  signals 
corrupted  by  white  or  oolored  noise,  whioh  la  a oomaon  problem  in  electrical 
oommunioat ions  and  radar  field.  When  digital  signal  processing  is  used,  the 
DPT  algorithm  [l  ] allows  to  transform  a sequence  of  signal  samples  into  a 
sequence  of  an  equal  number  of  samples  that,  under  proper  sampling  conditions, 
are  the  samples  of  the  eignal  speotrua.  Therefore  the  DPT  operator  is  the 
digital  equivalent  of  the  Fourier  Transform. 

Let  be  a sequence  of  I samples,  equally  spaoed  by  T seoonds;  its 

DPT  is,  by  definition,  the  sequence  } of  I transform  samplesi 


' / *0,i, , V-* 


(1) 


where 

V'*,- e*rli  t?"  j (2) 


The  transform  samples,  are  spaoed  in  frequenoy  by  l/HT  Hz. 

The  FFT  (Fast  Fourier  Transform),  [ 1 ] , [ 2J  , is  a fast  algorithm  that  re 
presents  the  most  convenient  way  to  implement  the  DPT  operator. 

The  computation  of  an  M-samples  DR  by  means  of  the  FFT  requires  a number 
of  (ooaplex)  produots  equal  tot 


•PoO-£V 

instead  of  M i.e.  the  number  resulting  from  the  SR  definition,  expression  (1). 
That  is  the  first  baslo  property  of  FR. 

The  second  baslo  property  of  this  algorithm  is  the  possibility  of  its 
implementation  with  a number  of  memory  cells  equal  to  I ("in  plaoe")  without 
need  for  other  memory  capability  to  store  the  intermediate  results  [ 1 ] , [ 2 J . 

Mo  other  speoial  features  of  FR  will  be  described  here,  nor  its  different 
flow  graphs  will  bs  shown,  with  the  exception  of  the  DIP  (Deoimatlon  In  Fre- 
quenoy) graph  for  M-16,  whioh  is  the  oase  of  the  implementation  desoribed  here. 
The  graph  is  shown  in  figure  1 . 

1.2  Behaviour  of  a DR  prooeeaor 

A DR  prooessor  has  the  main  oharaot erist ie  of  prooessing  finite  blocks 
of  data,  aooording  to  expression  (l). 

This  feature  makes  It  different  from  FIR  or  IXR  digital  filters,  like  NTI 
caroellers  or  radar  pulse  integrators,  whose  output  is  Independent  of  the  tine 
of  arrival  of  the  signal. 


The  hlook  dlagraa  of  a DFT  (op  a FB)  prooesaor  le  shown  in  figure  2. 

The  Input  la  aesuned  to  be  a saapled  signal,  as  In  pulse  radar  appl loat lonsi 

{y(t"KT)  }"(&)  k*o ,oo 

(3) 

The  tlae  windows  generates  a blook  of  I saaplsst 

(^Hx.1  .k-o,» ,*-i  (4) 

The  weighting  oonslsts  In  aultiplying  this  sequenoe  of  V saaples  by  a 
weight  sequenoei 

|v]  k-'0'1 ."-1  <’> 

obtaining  the  jx^j  sequenoei 

[*i\  ‘ [n. ' K*oi’ ***  (6) 

Finally,  the  #B  operator  aot s aooording  to  relationship  (1),  generating 
the  output  sequenoei 


(X,J  l ,U'L 


The  ooaplete  analysis  of  this  prooessor,  lnoluding  also  the  effeots  of  the 
saapllag  of  the  originary  signal  y(t),  has  been  done  by  E.  Teodorl  [ 3j  . 

The  sain  result,  for  this  work's  purpose,  is  the  relationship  between  the 
transfora  sequenoe  tXfj  and  * he  speotrua  of  the  non-saapled  signal,  T( ^ ). 
This  relationship  1st 
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CO 

r« 
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The  funoi ion  Q(  f-  ) Is  the  Fourier  Transfora  of  tho  weighting  sequenoe  f^J 

««>■  Ht 


that  lot 


ftij).  z!  v«f  KTf) 


Expressions  (8)  and  (11)  allow  tho  porfornaneo  evaluation  of  a DFT  prooessor. 
The  VTt  oan  be  used  to  ooaputs,  with  the  required  aoouraoy,  the  funotlon  Q(/). 

In  the  slaple,  but  very  i sport  ant  oase,  in  whloh  the  input  signal  is  a 
singls  sins  wave i 


j-n 


•Ion  (6)  rodu 


J *o,i, a t-t 


that  la,  the  output  sequence  1b  the  sampling  of  the  Fourier  Transform  of  tho 
weight lng  sequence. 
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2.  FFT  PROCESSING  IH  RADAR  FIKLP 

2.1  Use  of  FFT  in  pul se-Doppler  radars 

The  FFT  algorithm  has  two  main  utilizations  in  radar  systems. 

The  first  one  is  the  puloe  compression,  in  which  it  is  necessary  to  compute 
the  correlation  between  the  received  signal  and  a replica  of  the  transmitted 
signal,  or  another  adoguate  waveform. 

The  second  one  is  the  radar  pulse  integration,  that  can  he  done  coherentely 
by  means  of  a bank  of  Soppier  filters;  if  the  transmitted  pulses  are  equally 
spaced,  FW  provides  a very  efficient  way  to  Implement  this  bank  of  filters.  The 
problems  conneotod  with  FFT  use  are  similar  in  both  cases;  to  see  more  in  detail 
those  problems,  theoase  of  the  pulse  integration  in  a pul se— Soppier  radar  will 
be  considered. 

A pul se— Soppier  radar  provides  the  value  of  the  target's  radial  speed  without 
amblguites,  for  all  the  speeds  of  interest.  Such  radars  are  characterized  by  a 
oostant  and  high  p.r.f.  (pulse  repetition  frequency)  and  a large  value  of  the 
number  of  pulses  in  the  beamwidth,  with  respect  to  Soppier-ambiguous  radars. 

The  FIT  technique  allows  to  Implement  at  a high  rate  the  SFT  of  the  received 
pulses  belonging  to  the  same  range-bin,  and  contiguous  in  azimuth.  That  is 
equivalent  to  a comb  filter  ooverlng  the  whole  range  of  Soppier  frequencies. 

The  main  advantages  of  such  a processing  are: 

a)  An  improvement  in  slgnal-t o-int erferenoe  ratio  for  wide-band  interferences.  The 
Soppier  filtering,  which  is  an  Inherent  characteristic  of  the  system,  allows 
that  only  the  disturbance  that  falls  in  the  Soppier  filter  matched  with  the 
target  speed,  can  affect  the  signal. 

b)  An  Improvement  of  the  signal-to-noise  ratio  due  to  ooherent  Integration,  that 
replaoes  the  non-coherent  integration  commonly  used  in  non-Soppler  radar  systems 

A pulse— Soppier  reoeiver  can  be  briefly  described  as  follows. 

The  video  signal,  coherently  detected,  is  sampled  and.  digitally  converted. 
Then,  it  is  filtered  by  an  WTI  canceller,  whloh  reduces  the  clutter  power.  The 
samples  are  then  grouped  in  blocks  of  length  H (H  • number  of  Soppier  channels  • 
a number  of  integrated  pulses)  and  modulated  by  a weighting  window. 

The  FFT  prooeseing  is  done  on  these  blocks;  the  N outputs  go  to  a bank  of 
deteotors  and  then  to  aCFAH  system,  whose  output  is  sent  to  a synthetical  indicatio 
generator,  giving  the  targets  coordinates  indication. 

A functional  block  diagram  of  this  processing  is  shown  in  figure  3.  The  FFT 
processor  of  figure  3 is  perfectly  equivalent  to  the  SFT  processor  of  figure  2 
from  the  functional  point  of  view. 

2.2  Sjslgn  of  FFT  processor 

The  design  of  the  FFT  processor  (figure  3)  requires  some  basic  choices.  The 
mathematical  tools  neoesBary  to  do  that  have  been  developed  in  sect.  1. 

From  the  point  of  view  of  the  radar  modeling,  the  important  division  between 
meohanlcal  soanning  and  eleotronioal  soanning  must  be  done. 

In  the  first  case,  tho  received  pulses  are  modulated  by  the  antenna  azimuthal 
pattern;  therefore,  the  input  sequence  to  the  FFT  prooessor  (relationship  (3)) 
oan  be  written  as: 


where 
- **. 

: * 
- 

- & 


noise  samples 

unmodulated  signal  samples 

£(K*-T-e;) 

two-way  (voltage)  antenna  gain 

target  azimuth  for  K ■ 0,  measured  with  reepoot  to  antenna 
bore  sight 

antenna  angular  speed. 
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In  the  seoond  case  the  expression  is: 


where 

3«>  • 

fk  ■ target  azimuth,  lensured  with  respeot  to  antenna  boresight,  during  the 
considered  "look". 

U • number  of  pulses  per  look 

As  a matter  of  fact,  the  electronic  scanning  introduces  a time  window,  which 
is  functionally  ooinoident  with  the  one  of  FIT  processor  (figure  3).  That  reduces 
the  amount  of  problems  oonneoted  with  FIT  implementation  with  respeot  to  the  more 
critical  case  of  mechanical  soanning.  Only  the  latter  will  be  examined  in  this 
paper. 

As  the  azimuth  of  the  target  1b  not  known  a priori,  there  is  a random 
staggering  between  the  sequence  of  received  signal  samples  and  the  time 

window.  That  give  rise  to  an  integration  loss,  whose  magnitude  depends  on  the 
window  width  and  on  the  weighting  law.  Only  the  case  of  a window  length  equal 
to  the  3 dB  antenna  beamwldth  will  be  exposed  here;  as  for  as  weighting  is 


concerned,  four  laws 

have 

been  taken  into  account,  namely: 

a)  reot angular 

1 i 

b)  gausslan 

(matohed  with 
antenna  shape) 

: 1 

y*  [-2.776/3*) 

c)  hamming 

t 

<|k.  = ♦ao8'(i- 

d)  oos2 
where : 

X 

V * unV,t 

A 

and  the  range  of  variability  for  K is  from  0 to  N-1. 

The  effect  of  window  staggering  is  speolally  interesting  and  has  been  evaluat. 
ed  separately.  The  loss  in  signal-to-noise  ratio  at  the  FIT  output,  L s , due 
to  the  staggering,  has  been  evaluated  versus  the  ratio,  D,  between  the  staggering 
and  the  window  length.  The  worst  case  is  D - 0.5,  beoause  for  greater  values  of 
D another  window  (the  adiaoent  one)  gives  the  main  contribution  to  detection.  The 
results  are  plotted  in  figure  4. 

It  results  that  for  D < 0.25  the  loss  are  small,  ranging  from  0.8  to  1.2  dB. 
Therefore,  a system  able  to  keep  the  maximum  relative  staggering  in  the  range 
-0.25  +0.25  should  nearly  eliminate  this  kind  of  loss. 

Suoh  a system  has  two  time  windows,  each  followed  by  a weighting  and  by  a 
DPT;  tbs  windows  are  half-length  staggered  (i.e.,  N/2  pulses). 

The  performance  of  suoh  a processor  have  been  evaluated  and  compared  with  a 
single-window  prooessor. 

The  evaluation  criterion  is  the  loss  in  SNR  with  respect  to  a perfeot  IF 
integrator,  i.e.  an  integrator  whose  signal-to-noise  gain  is: 

<y  * i 0 ^ lt  M 

where  N is  the  number  of  integrated  pulses.  One  must  remember  that  such  a criterion 
inoludes  also  the  beamshape  losses,  which  are  common  to  all  radar  integrators  and, 
for  N equal  to  the  number  of  pulses  in  3-dB  antenna  pattern,  is  of  the  order  of 
1.6  dB. 

The  SNR  loss  is  given  in  table  1,  for  three  different  weighting  laws 
(b«  gausslan,  c-  hamming,  d-  cos2)  and  for  single  and  double-window  processors.  The 
valua  of  false  alarm  probability  is  10~®  and  the  one  of  detection  probability  is  80£ . 

The  sxam  of  Table  1 shows  that  the  use  of  two  windows  reduces  the  SNR  losses 
at  a value  praetioally  equal  to  tho  sum  of  the  beamshape  loss  (1.6  dB)  and  the 
loss  dus  to  tha  weighting. 

The  weighting  loss  is  very  small,  not  greater  than  0.9  dB  for  tho 
mined  weighting  laws. 
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LOSS  (dB) 

with  three  different  woightings 


B 

c 

D 

single  window 

3.1 

4.5 

4.85 

double  window 

1.8 

2.35 

2.45 

« 

TABLE  1 
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F 
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Another  important  feature  of  FF T processing  is  clutter  spillover,  i.e.  the 
presence  of  clutter  power  on  Doppler  bands  different  from  the  clutter  band.  This 
effect  is  due  to  time  windowing  of  the  input  signal,  and  can  be  evaluated  by 
means  of  the  analytical  tools  shown  in  sect.  1. 

The  weighting  is  necessary  to  reduce  the  clutter  spillover.  It  is  possible 
to  evaluate  in  an  analytic  way  the  clutter  power  in  different  Doppler  bands 
both  for  narrow-band  (i.e.  ground)  and  wide-band  (i.e.  rain)  clutter. 

In  this  paper,  the  case  of  fixed  clutter,  whose  spectral  spread  is  due  only 
to  antenna  motion,  will  be  dealt  with.  In  this  case  the  clutter  spectrum  2 ms 
spread,  , normalized  to  the  pulse  repetition  frequency,  prf,  depends  on  the 

number  of  pulses  in  3-dB  beamwidth,  Ng,  according  to  the  relationship: 

(T  L rc  . 0.161, 

c~  H ' (16) 

The  window  length  is  assumed  equal  to  3-dB  beamwidth;  therefore  N.  N]j. 

It  is  convenient  to  define  a "FFT  Processor  Improvement  Factor",  FIF K , 
as  the  ratio  between  the  output  clutter  power  of  the  Doppler  filter  and 

the  input  clutter  power,  both  powers  being  normalized  to  the  noise  power,  the 
formula  is 

rip.  (<■*./ M*) 

*'«*/«*)  (,7) 

This  parameter  has  been  computed  for  various  values  of  N and  different 
weightings;  in  Table  2 there  are  the  values  relative  to  N»  Nj  - 32,  hamming 
and  oos2  weights. 

The  independent  variable  in  Table  2 is  the  central  frequency  of  the 
filter  normalized  to  pulse-repetition  frequency. 


fk/prf 

FIFK(dB)  with: 

hamming  weighting 

. 

cos2  weighting 

1 

14 

11 

16 

1 

31 

36 

8 

1 

34 

52 

4 

1 

37 

58 

2 

TABLE  2 


The  choioe <t  such  an  independent  variable  allowB  to  extrapolate  the  data  in 
Table  2 to  different  values  of  H;  in  fact,  these  FIF  values  do  not  change  very 
■uch  with  N.  In  the  oase  of  Gaussian  (matched)  weighting,  the  FIF  values  are 
lower,  and  range  from  11  to  27  dB. 

As  a global  result,  it  is  possible  to  claim  that  the  clutter  attenuation  that 
can  be  obtained  with  an  FFT  processor  is  not  sufficiently  high  for  all  Doppler 
filters;  therefore,  an  KTI  filter  in  cascade  with  such  a processor  may  be  required 
(see  figure  3). 

An  advantage  of  such  a configuration  is  the  reduction  of  the  dynamic  range 
at  the  processor  input;  that  allows  an  implementation  with  a small  number  of  bits, 
allowing  a simpler  hardware. 

The  basic  problem,  when  a FFT  processor  is  inserted  in  a radar  system,  is  to 
oope  with  the  flow  of  data  in  real-time. 

Keeping  in  mind  this  aim,  we  briefly  examine  the  most  important  FFT  hardware 
processors. 

1)  Serial  processor 

The  serial  processor,  is  the  simplest  hardware  realization.  It  has  only 
one  arithmetic  unit  sequentially  performing  allthe  FFT  elementary  operations 
(butterfly).  The  kind  of  elementary  operation  is:  1 t IB  , where  A and  B are 

data  and  H is  a weight.  The  number  of  these  elementary  operations  is  (H/2)xlg2  N 
as  we  can  see  from  the  FFT  flow  graph  (figure  l).  This  FFT  processor  has  been 
oonsldered  too  slow  to  oope  with  the  flow  of  data  in  real-time. 


2)  Array-iterative  prooessor 

This  prooessor  has  N/2  arithmetic  units  performing  at  the  same  time,  n/2 
butterflies.  In  a N-sample  FFT  we  need  to  perform  lg2  N steps,  with  N/2 
elementary  operations  in  each  step.  A very  oomplex  hardware  implementation  is 
foreseen  for  the  array-iterative  processor,  particularly  due  to  the  control  cir- 
cuitry. 

3)  Array  processor 

This  processor  has  (N/2)  lg2  N elementary  units.  Its  structure  comes  from 
the  array-it erat ive  processor  multiplying  a single  processor  lg2  N times. 

Array  processor  can  perform  a continuous  flow  of  data  bunched  in  N sample  blocks 
at  the  right  speed  to  oope  with  the  radar  data  flow.  Like  the  array-iterative 
processor  the  array  prooessor  structure  is  too  oomplex  and  onerous,  as  it  needs 
to  many  elementary  units. 


4)  Pipeline  prooessor 


The  basic  idea  of  this  processor  oomes  from  an  assembly-line.  It  has  been 
estimated  that  the  required  speed  would  be  attained  with  a rather  simple  hard- 
ware Implementation,  particularly  for  the  oontrol  circuitry. 

As  two  FFT' s have  to  be  performed,  we  have  ohosen  a two  channel  pipeline 
struoture,  that  allows  the  prooessing  of  pulse  Doppler  radar  signals. 

The  pipeline  processor  diagram  with  two  channels  for  two  Independent  16 
point  FFT,  Is  shown  in  figure  5 . The  processor  has  lg2  N cascade  arithmetic 
units  conneoted  by  multiplexers.  A continuous  flow  of  data  bunohed  in  N sample 
blooke  runs  over  each  channel.  Between  the  blocks  of  the  two  channels  than  is 
an  N/2  sample  s)  . *t  . 

In  our  hardware  realization,  we  have  16  bits  for  each  oomplex  channel. 

There  are  7 bits  plus  sign,  both  for  real  and  imaginary  part  of  the  input  data. 
The  same  is  for  the  output  channels. 

The  weight  values  used  in  our  prooessor  are  16  and  their  compact  expression 


W-0,i( 


not  considering  the  Blgn,  the  different  values  of  the  real  and  imaginary  part 
of  these  weights  are  only  5< 

1,  0.92388,  0.70711,  0.38268,  0 

The  weights  1 and  0 do  not  require  multiplications.  For  the  remaining  three 
weights,  we  have  used  programnable-read-only-momories  (PROM)  to  perform  the 
multiplications.  Our  two  channel  pipeline  prooeseor  has  8 digital  PCB's  (Printed 
olrouit  Boards),  excluding  interfaces. 

Beoause  of  the  full-time  use  of  the  arithmetic  units  and  memories,  sampling 
periods  shorter  than  0.5  usee  are  attainable.  A correct  use  of  this  processor 


requires  an  N/2  sample  shift  between  the  blocks  on  the  two  indipendent.  input 
channels.  In  our  processor,  a connection  of  the  two  input  channels  through 
an  N/2  delay  line  allows  to  perform  on  FIT  with  shifted  and  overlapped  blocks, 
as  required  in  radar  processing. 

The  prime  features  of  this  processor  are,  an  follows: 

1)  the  arithmetic  units  and  memories  work  full  time  (without  dead  times); 

2)  the  data  flow  at  the  input  channels  is  continuous  at  a work  period  shorter 
than  0. 5 fiaeci 

3)  the  processing  is  performed  on  two  channels  thus  allowing  a half-length 
overlapping  of  data  block  with  no  hardware  addition. 


3.  PIPELIKE  PROCESSOR  TESTS 

Wo  have  successfully  tested  our  special-purpose  processor  with  a minicomputer 
GP— 16  Selcnia  at  tho  input  and  a display  at  the  output.  An  appropriate  interface 
has  been  used  between  the  minicomputer  and  the  FFT  processor.  Control  clock  was 
sent  from  the  minicomputer  to  the  FFT  processor,  through  the  interface,  allowing 
different  processing  speeds.  The  purpose  was  both  to  check  the  circuitry  and 
to  make  functional  tests. 

During  first  test  sot  numerical  data  with  well  known  spectra  were  coming 
from  the  minicomputer.  We  have  moreover  processed  signal  plus  noise  data  to  simula- 
te a real  radar  system. 

In  our  simulations  a gaussian  antenna  pattern  and  throe  weighting  window 
types  (a)  hamming,  b)  gaussian,  c)  cos^)  have  been  used.  Wo  have  finally  simulated 
block  shifts  up  to  N/2  samples  to  compute  processing  losses. 

Such  functional  tests  have  shown  a good  agreement  with  theorethical  results. 
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Fig.  I FFT  graph  with  N = 16  (DIF  technique) 


Fig.2  Block  diagram  of  a DFT  processor 


Fig.3  Functional  diagram  of  a pulse-Doppler  FFT  receiver 
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In  the  overall  SNR-loaa  analysis  was  a filter  straddle-loss  factor  Included,  le 
when  the  doppler  frequency  is  such  that  It  falls  between  filters? 

Yes,  slightly  less  than  1 dB  was  added  to  Table  1 for  this  effect. 

Are  two  (staggered)  processors  absolutely  essential?  The  loss  for  a single 
processor  with  D ■ 0.5  is  3}  to  4J  dB  (Fig  4),  but  since  there  are  two  Independent 
samples  (corr.-spondlng  to  the  window  on  each  side  of  the  beam)  one  would  expect 
this  to  be  equivalent  to  reducing  the  overall  loss  to  perhaps  1 to  2 dB. 

1 We  do  not  use  two  processors;  the  two  staggered  windows  are  easily  obtained  with 
a single  processor  by  a small  hardware  addition. 

2 The  two-window  structure  allows  an  SNR  gain  of  the  order  of  2 dB  but,  more 
Important,  Is  Its  Improved  azimuthal  accuracy,  which  Is  not  described  In  the  paper. 

The  processor  described  has  8-blt  quantisation  of  the  Input  data  In  real  and 
Imaginary  channels.  At  each  stage  of  the  processor  the  bit-count  will  tend  to 
increase  by  one,  so  that  a 16-polnt  transform  could  have  a 12-blt  output  In  each 
channel.  How  Is  this  dealt  with  In  practice?  Are  some  of  the  bits  discarded  or 
Is  the  full  bit-count  preserved? 

All  the  arithmetic  Is  8-blt,  with  the  elimination  of  least-significant  bits  when 
necessary.  This  simplification  Introduces  a quantisation  error  with  an  rms  value 
of  the  order  of  the  first  three  levels  (In  127  levels).  This  Is  not  a problem  In 
our  feasibility  breadboard  model  and  could  of  course  be  avoided  by  retaining  all 
significant  bits. 

The  FFT  processor  Is  Implemented  for  a sample  size  N ■ 16.  This  could  be  achieved 
by  cascading  two  stages  of  a base-4  processor  Instead  of  four  stages  of  a base-2 
processor.  Vas  the  realisation  of  a base-4  processor  ever  considered  that  might 
offer  some  savings  In  hardware? 

I agree  that  with  a radix-4  pipeline  FFT  there  Is  some  saving  In  multipliers  (see 
for  Instance  Rabiner  and  Gold  'Digital  Signal  Processing',  p613)  but  radix-2  FFT 
permits  easier  control.  Moreover,  the  purpose  of  this  work  was  not  to  design  an 
optimum  hardware  structure  but  to  Investigate  the  optimum  functional  structures 
for  radar  doppler  processing,  and  their  feasibility. 
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SUMMARY 

Advances  In  semi-conductor  technology  are  continually  opening  new  areas  of  application  for  digital 
systems.  One  of  these  areas  Is  In  the  processing  of  video  Information  derived  from  radar  and  other 
sensors  prior  to  its  display. 

It  is  possible  to  modify  both  the  data  format  and  the  visual  image  and  to  'nsert  synthetic  informa- 
tion, either  externally  or  internally  generated,  by  the  use  of  digital  techniques.  This  can  enable  an 
operator  to  obtain  more  useful  information  in  a shorter  time  than  would  have  been  possible  by  displaying 
the  image  directly  from  the  sensor  output. 

Some  of  these  techniques  are  described  together  with  simple  block  diagrams  of  various  equipments 
which  can  perform  this  processing.  A versatile  digital  equipment  is  described  which  uses  a micro- 
processor to  enable  the  single  machine  to  be  used  to  perform  a wide  variety  of  algorithms  on  the  video 
outputs  from  many  different  sensors,  in  real  time,  by  means  of  simple  software  modifications. 

INTRODUCTION 

It  is  generally  the  case  that  the  output  from  a radar  or  other  sensor  system  will  be  portrayed  on  a 
display  for  visual  Interpretation  by  an  operator.  This  paper  describes  digital  processing  methods  which 
can  be  applied  to  the  detected  signal  prior  to  display.  The  advances  in  this  area  have  been  considerable 
over  the  last  few  years  mainly  due  to  the  availability  of  complex  digital  integrated  circuits.  I.C. 
manufacturers  are  continually  placing  new,  Improved  devices  on  the  market,  a trend  which  must  result  in 
continuing  advances  in  this  field. 

The  techniques  to  be  described  can  be  broadly  divided  Into  two  types. 

The  first  type  concerns  the  manipulation  of  the  data  rate  and/or  format  of  the  video  signal.  This 
is  commonly  known  as  Scan  Conversion.  The  object  of  this  form  of  processing  is  to  convert  the  video 
signal  into  a uniform  standard  for  display. 

This  can  prove  to  be  a useful  tool  to  combat  the  increasing  problem  of  restrictions  In  the  amount  of 
space  available  to  house  the  electronics  normally  associated  with  modern  detection  and  display  equipment. 
The  signals  from  a wide  range  of  sensors  (Radar,  I.R.,  LLTV  etc.)  can  be  accepted,  sampled  and  digitised 
In  their  respective  scan  formats  and  then  converted,  by  means  of  a digital  buffer  store,  into  a single 
uniform  display  standard,  which,  after  conversion  back  to  analogue  form,  removes  the  requirement  for 
several  separate  dedicated  display  equipments. 

The  second  type  of  processing  involves  the  adaptation  of  past,  present  and  sometimes  predicted  data 
to  modify  the  presentation  of  the  video  image,  enabling  an  observer  to  extract  the  maximum  amount  of 
useful  information  In  the  minimum  time  for  a particular  operational  requirement. 

Within  this  category  fall  many  well  known  techniques  such  as  Integration,  MTI,  track  history  and  the 
overlay  of  synthetic  Information.  The  majority  of  these  facilities  can  be  produced,  in  their  familiar 
form,  by  the  use  of  dig.tal  techniques.  however,  a more  important  consideration  is  that  of  the  many  new 
possibilities  now  offered  for  the  presentation  of  data.  These  arise  from  the  ability  to  store,  In  a 
readily  accessible  manner,  past  Information,  together  with  the  Increase  In  arithmetic  processing  power 
afforded  by  the  digital  representation  of  the  data. 

SCAN  CONVERSION 

Digital  scan  conversion  has  been  given  a considerable  boost  In  recent  years  by  Improvements  in  semi- 
conductor memories.  In  particular  the  Introduction  of  the  N-channel  MOS  Random  Access  Memory.  N-channel 
devices  offer  a higher  speed  to  power  ratio  than  P-channel  devices  and  since  the  majority  of  semi-conductor 
manufacturers  are  concentrating  on  developing  high  capacity  N-channel  RAMs  they  are  likely  to  be  cheaper 
than  any  of  their  digital  equivalents,  4k  bits  of  store  in  one  dual-ln-line  package  is  common  and  sample 
quantities  of  16k  devices  are  now  available.  Using  the  16k  device  it  Is  possible,  with  little  serious 
attempt  at  miniaturisation,  to  construct  a one  megabit  semi-conductor  store  with  associated  addressing 
control  on  one  single  20  cm  by  20  cm  printed  circuit  card. 

A typical  scan  converter  arrangement  Is  shown  In  figure  1.  In  this  example  the  input  video  signal 
Is  first  sampled  at  a high  frequency  sufficiently  above  the  Nyquist  rate  to  avoid  aliasing  effects.  Then 
each  sample  Is  converted  Into  a digital  word.  The  digital  quantization  does  not  affect  the  picture 
provided  that  sufficient  bits  are  used  In  each  digital  word.  Extensive  subjective  tests  have  shown  that, 
for  a studio  quality  display  of  approximately  40  dB  signal  to  noise  ratio,  8 bits  are  required  If  quanti- 
zation effects  are  to  be  rendered  totally  Invisible.  However,  the  majority  of  applications  do  not  require 
studio  quality  Images.  6 bits  per  word  give  a very  acceptable  picture  which  is  normally  sufficient  for 

imaging  applications  unless  a camera  of  exceptionally  high  signal  to  noise  ratio  Is  used.  In  radar 
applications  one  bit,  giving  two  tone  pictures,  Is  often  sufficient  and  rarely  are  more  than  4 bits  or  16 
contrast  levels  required,  the  latter  being  ample  for  high  resolution  ground  mapping  modes. 
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The  heart  of  the  scan  converter  Is  the  buffer  store.  In  this  example,  this  consists  of  an  array  of 
semi-conductor  RAMs.  These  devices  allow  Immediate  access  to  an  Individual  address  location  which  makes 
them  Ideally  suited  to  this  application.  The  input  and  output  data  rates  are  likely  to  be  quite  high  (up 
to  20  MHz  for  some  applications)  and  the  cycle  time  of  the  elements  comprising  the  buffer  store  will  not 
be  sufficiently  short  to  allow  direct  access  to  individual  RAMs  at  these  rates.  It  is  therefore 
necessary  to  sub-divide  the  store  into  several  parallel  paths  each  running  at  a much  lower  rate.  Input 
and  output  data  multiplexers  allow  the  overall  throughput  to  be  maintained.  The  store  addresses,  to  which 
the  input  data  is  routed  and  from  which  the  output  data  Is  obtained,  are  multiplexed  into  the  main  store 
In  a similar  way  via  small  buffer  stores.  The  RAMs  used  have  a non-destructive  read  which  allows 
asynchronous  operation  between  input  and  output  video.  For  Instance,  a slow  line  scan  Input  which  may 
take  some  seconds  to  build  up  a complete  picture  in  the  store,  can  be  continually  read  out  at  TV  rates 
since  each  stored  picture  point  can  be  accessed  many  times  with  no  loss  of  data  until  new  information 
from  the  next  input  field  overwrites  It.  The  final  process  In  the  scan  converter  is  to  convert  the  stream 
of  digital  words  back  Into  analogue  form  and  insert  any  sync,  pulses  required  by  the  display  format. 

A radar  display  has  a large  number  of  target  parameters  to  present  in  a two  dimensional  Image  and 
this  has  resulted  in  a wide  variety  of  display  formats  being  devised  over  the  years;  many  of  these  require 
the  data  to  be  displayed  in  polar  form.  This  generates  a requirement  for  a spec ial - to-type  circular 
deflection  display  tube  which  cannot  be  used  to  display  any  other  video  format.  The  RAM  organised  scan 
converter  Is  especially  suited  to  the  conversion  of  data  from  polar  form  to  the  cartesian  raster  form  of 
most  conventional  displays.  In  its  simplest  form  it  is  only  necessary  to  Interpose  a polar  to  cartesian 
conversion  In  the  store  address  circuitry  which  could  be  a specially  programmed  semi-conductor  Read  Only 
Memory. 

The  use  of  digital  techniques  Is  not  the  only  method  of  scan  conversion.  The  main  alternatives  are 
double  and  single  ended  storage  tubes  and  charge  coupled  devices  (CCDs). 

Storage  tubes  are  considered  to  be  cheaper,  smaller  and  to  consume  less  power  than  digital  equiva- 
lents. However,  advances  in  large  scale  Integration  and  a continuing  reduction  In  the  cost/bit  of  digital 
storage  is  tending  to  change  this  situation.  Storage  tubes  are  generally  delicate,  difficult  to  ruggedise 
and  often  require  careful  screening  from  stray  fields.  This  can  limit  their  use  in  a military  environment. 

There  have  been  significant  advances,  of  late,  In  CCD  memory  products  and  they  are  believed  to  have 
the  potential  for  the  lowest  cost/blt  of  any  read/write  semi-conductor  memory  device  by  a factor  of  four. 
The  size  of  the  storage  element  can  be  made  very  small  giving  a high  packing  density  and  leading  to  high 
yields.  The  basic  CCD,  however,  is  a serial  rather  than  random  access  organised  device  which  can  give 
rise  to  prolonged  access  times  for  individual  bits  of  data  and  make  it  unsuitable  for  use  In  converters 
dealing  with  discontinuous  scan  formats.  The  internal  charge  transfer  within  the  device  is  not  1001 
efficient  and  a large  number  of  transfers  can  reduce  the  internal  noise  margin.  It  can  also  be  adversely 
affected  by  elevated  temperatures.  Manufacturers  are  attempting  to  overcome  these  barriers  and  it  may 
soon  be  possible  to  develop  special -to-type  CCDs  organised  for  specific  scan  converter  applications.  It 
is,  however,  unlikely  that  CCDs  will  be  able  to  compete  with  digital  processing  techniques  for  applications 
involving  complex  data  manipulation,  at  least  in  the  near  future. 

DIGITAL  PROCESSING 

For  some  applications  scan  conversion  clearly  has  many  advantages  over  dedicated  display  systems, 
but  the  most  promising  use  of  digital  techniques  Is  not  just  for  scan  conversion  but  also  for  Image 
process Ing . 

Improvements  or  modifications  to  a radar  or  other  sensor  system  can  be  costly,  especially  to  an 
already  developed  production  item,  and  the  improvement  in  performance  obtained  may  not  always  justify  the 
time  and  cost  Involved.  If,  however,  one  regards  the  transfer  of  Information  from  display  to  observer  as 
one  of  the  fundamental  tssks  of  the  equipment,  then  a significant  Improvement  In  system  performance  may 
well  result  from  a modification  to  the  form  of  the  displayed  image.  This  would  not  necessarily  require 
any  more  Information  from  the  sensor  but  would  be  concerned  with  presenting  the  existing  information  In  a 
more  efficient  way.  It  is  also  the  case  that  continuing  improvements  In  sensor  technology  give  rise  to 
an  Increase  In  both  the  quality  and  the  quantity  of  Information  that  Is  required  to  be  displayed.  In 
order  that  the  overall  system  does  not  become  limited  by  Its  inability  to  transfer  this  Information  to  the 
operator  it  is  necessary  to  improve  display  techniques.  It  Is  in  these  areas  that  the  digital  processing 
of  video  information  has  much  to  offer. 

Consider  the  simple  block  diagram  of  a digital  processor  shown  In  figure  2.  This  is  basically 
similar  to  the  scan  converter  previously  described  except  for  the  addition  of  the  digital  arithmetic  units 
which  accept  the  streams  of  digital  words  and  perform  some  specific  arithmetic  process  on  them. 

Variations  In  the  type  of  arithmetic  algorithm  performed  gives  rise  to  the  various  processing  functions. 

Arithmetic  unit  A (figure  2)  enables  non  recursive,  linear  phase  processing  algorithms  to  be  imple- 
mented providing  such  facilities  as  aperture  correction  and  edge  contrast  enhancement;  whilst  the 
arithmetic  unit  B provides  the  recursive  processing  path  necessary  for  the  Implementation  of  such 
algorithms  as  will  perform  long  term  signal  averaging. 

This  arrangement  together  with  the  store  access  flexibility  afforded  by  the  use  of  the  random  access 
memory  enables  a wide  range  of  useful  processing  to  be  performed. 

PICTURE  FREEZE 

One  of  the  most  obvious  and  simple  processing  facilities  is  that  of  freezing  a picture  on  the  display. 
This  can  be  achieved  merely  by  ceasing  to  write  new  Information  Into  the  store.  The  non  destructive  read 
capability  of  the  storage  devices  enables  the  last  frame  captured  to  be  continually  repeated,  with  no 
degradation,  almost  indefinitely.  In  a dynamically  changing  scene  an  observer  can  use  this  facility  to 
examine  an  object  of  Interest,  held  stationary  on  the  screen,  for  as  long  as  he  requires. 
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RECURSIVE  PROCESSING 

More  complex  forms  of  processing  can  be  implemented  using  the  arithmetic  unit  paths  In  figure  2,  as 
described  above.  Using  the  recursive  feedback  path  It  Is  possible  to  perform  signal  averaging  or 
integration.  A portion  of  each  Individual  stored  picture  element  is  added  to  the  corresponding  incoming 
element  appropriate  to  that  point  in  the  scene  before  being  written  back  into  the  store.  The  stored  data 
accumulated  is  composed  of  contributions  from  a number  of  consecutive  Input  fields.  This  results  in  a 
restriction  of  the  allowable  rate  of  change  of  the  picture  and  a consequential  suppression  of  spurious 
signals  and  random  noise. 

This  technique  can  be  employed  when  polar  to  cartesian  scan  conversion  Is  used.  By  varying  the 
integration  factor  over  the  scan,  use  can  be  made  of  the  overlaying  of  Information  which  occurs  towards 
the  centre  of  the  plot  to  provide  an  increase  In  the  signal  to  noise  ratio. 

If  there  are  a number  of  moving  targets  on  the  display  then  by  recirculating  data  through  the  store 
it  is  possible  to  provide  track  history.  This  can  be  of  aid  to  assessing  the  relative  motion  of  moving 
targets.  The  I ie  of  a track  associated  with  a radar  return  indicates  the  direction  of  travel  and  the 
length  of  the  track  provides  an  indication  of  relative  speed. 

If  the  radar  platform  Is  Itself  subject  to  motion,  as  for  Instance  In  an  airborne  application,  then 
recursive  processing  involving  a number  of  input  frames  is  not  directly  possible.  In  this  case,  some 
form  of  motion  stabilisation  is  required  before  performing  the  processing.  S tab  i I i sa t ion  , or  adjustments 
to  the  position  of  the  data  obtained  from  the  store,  Is  relatively  simple  with  RAM  organisation.  If  the 
store  address  is  arranged  in  terms  of  X and  Y positional  components,  then  it  is  not  difficult  to  add  in  the 
appropriate  offset  factors  which,  in  the  case  of  the  airborne  application,  would  be  obtained  from  the  air- 
craft speed  and  heading.  In  a similar  way  it  Is  possible,  In  the  handling  of  polar  scan  data,  to 
introduce  offsets  In  terms  of  R and  8 to  perform  the  same  task. 

MOVING  PLATFORM  PRESENTATION 

If  the  radar  set  is  Itself  in  continuous  motion,  as  in  the  airborne  case,  then  the  interpretation  of 
the  display  in  the  presence  of  this  relative  movement  is  made  more  difficult  for  the  observer.  However, 
the  wide  variety  of  display  modes  afforded  by  the  flexibility  of  the  digital  store  can  help  to  combat  this 
problem  although  the  display  variations  possible  are  to  some  extent  limited  by  the  input  data  format. 

fonsider,  for  example,  a line  scan  system  such  as  Sideways  Looking  Airborne  Radar  (SLAR) . In  this 
case  the  picture  Is  built  up  on  a line  by  line  basis  as  the  aircraft  moves  over  the  terrain  and  the  data 
could  be  presented  as  a "rolling  map"  giving  the  operator  the  same  view  as  he  would  get  looking  directly 
out  of  the  bottom  of  the  aircraft.  This  form  of  presentation  does,  however,  result  in  a continually  moving 
scene  in  which  it  is  difficult  to  examine  a particular  object  closely.  By  slightly  increasing  the  capacity 
of  the  buffer  store  the  operator  can  be  given  the  facility  of  a momentary  picture  freeze.  Whilst  the  scene 
remains  stationary  on  the  display  the  extra  store  capacity  will  accommodate  the  current  Incoming  information. 
When  the  store  Is  full,  the  freeze  can  be  released  and  an  increase  In  the  picture  roll  rate  implemented 
until  the  display  "catches  up"  with  the  current  scene  and  the  extra  storage  space  is  again  empty  ready  for 
another  freeze.  The  duration  of  the  freeze  mode  is,  of  course,  dependent  upon  the  extra  buffer  store 
capacity  and  the  rate  of  picture  roll,  although  the  operator  could  be  given  the  option  to  continue  the 
freeze  mode  and  accept  the  attendent  loss  of  current  incoming  video.  Alternatively,  it  is  possible  to 
provide  an  updated  stationary  display.  This  is  a presentation  in  which  a picture  Is  frozen  on  the  display 
and  the  new  information  Is  either  overwritten  line  by  line  as  It  arrives  from  the  sensor  such  that  a 
boundary  between  new  and  old  frames  moves  up  the  display,  or  new  information  is  overwritten  frame  by  frame 
such  that  complete  stationary  pictures  of  the  terrain  are  presented  one  following  the  other.  This  latter 
form  of  display  does,  however,  require  twice  the  storage  capacity  since  it  is  necessary  to  store  the  next 
frame  whilst  the  current  frame  Is  being  displayed.  These  forms  of  stationary  display  can  present  problems 
when  it  Is  necessary  to  Interpret  an  object  which  encompasses  the  top  of  one  picture  and  the  bottom  of  the 
next.  One  method  of  overcoming  this  problem  Is  to  provide  a frame  overlap  In  which  a portion  of  the  top 
of  one  field  is  repeated  at  the  bottom  giving  a measure  of  continuity  at  the  boundary. 

MOVING  TARGET  INDICATION 

There  are  many  ways  of  both  drawing  an  observer's  attention  to  a moving  target  and  obtaining  and 
displaying  Information  about  that  target.  The  following  are  a few  examples  of  this  type  of  processing, 
some  of  which  have  been  implemented  in  military  digital  equipment. 

Utilising  arithmetic  unit  A (figure  2),  the  current  incoming  video  Information  can  be  compared 
digitally  with  the  equivalent  stored  image  at  each  individual  point  in  the  scene.  This  enables  past  and 
present  Images  to  be  compared  and,  assuming  that  compensation  can  be  applied  to  correct  for  any  motion  of 
the  sensor  platform,  differences  from  one  field  to  the  next  will  represent  moving  targets  of  possible 
interest.  These  can  be  highlighted  on  the  display  and  also  be  arranged  to  trigger  an  audible  warning,  as 
an  aid  to  reducing  the  operator  work  load.  To  reduce  false  alarm  rate  in  the  presence  of  noise,  both 
spatial  and  level  filters  can  be  readily  Implemented. 

If  the  video  output  format  is  made  compatible  with  standard  TV,  then  it  is  possible  to  provide  a 
relatively  Inexpensive  multi-colour  display  using  a standard  colour  tube  monitor.  If  a harsh  environment 
is  envisaged,  the  trlnltron  form  of  colour  tube  tends  to  be  more  rugged  than  the  shadow  mask.  With  a multi- 
colour display,  moving  targets  and  track  histories  can  be  presented  In  colours  different  from  the 
stationary  "background"  scene. 

If  a variety  of  spatial  filters  are  employed  on  the  MTI  Information,  then  It  Is  possible  to  extract 
the  relative  velocities  of  the  moving  objects.  These  could  be  presented  In  different  colours  as  an  aid 
to  target  Identification  or,  since  the  distance  moved  by  the  target  and  the  time  between  Input  scans  Is 
known,  the  relative  velocity  can  be  calculated  using  digital  arithmetic  and  the  resultant  figure  portrayed 
as  an  alpha  numeric  overlay  at  the  relevant  position  on  the  display. 
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A form  of  MTI  display  can  also  be  generated  by  means  of  a recursive  high  pass  digital  filter.  This 
is  Implemented  using  the  arithmetic  unit  B (figure  2).  With  this  form  of  digital  filter,  acting  on  the 
rate  of  change  of  scene  content,  stationary  objects  correspond  to  d.c.  signals  and  are  suppressed  by  the 
filter  action  whilst  differences  from  frame  to  frame  correspond  to  a.c.  signals  and  are  enhanced. 
Information  on  the  relative  velocity  of  the  moving  object  Is  conveyed  In  the  brightness  of  the  Image. 

I MAGE  CORRELATION 

One  of  the  processes  afforded  by  the  digital  representation  of  Image  data  Is  that  of  computing  the 
correlation  between  two  Images.  If  two  digitised  pictures  are  compared,  element  by  element,  with  each 
other.  It  Is  possible  to  derive  a measure  of  their  similarity.  This  measure  will  obviously  be  a maximum 
If  they  are  Identical . 

This  technique  has  a wide  range  of  applications.  For  Instance,  In  an  air  to  ground  radar  It  Is 
possible  to  obtain  details  of  the  aircraft's  velocity  and  track.  By  correlating  past  stored  Images  with 
current  Input  Images  one  can  find  the  best  "match".  The  X and  Y positional  difference  between  past  and 

present  and  the  known  time  between  scans  can  be  used  to  derive  the  required  information. 

Correlation  of  picture  elements  can  be  used  In  applications  such  as  map  matching  to  aid  navigation. 

In  this  case,  stored  navigational  Information  is  compared  with  current  radar  Information  and  when  the  two 
match  the  present  position  can  be  computed. 

Image  correlation  finds  many  other  areas  of  application  such  as  target  recognition,  auto  lock  follow 
and  clutter  rejection. 

MATCHING  DISPLAY  TO  SENSOR 

If  It  is  required  to  use  a single,  fixed  video  standard  display  to  present  the  data  from  a wide 
variety  of  sensors,  then  It  Is  necessary  to  be  able  to  match  the  video  Information  from  the  various 
sensors  to  the  resolution  capabilities  of  the  display. 

For  example,  it  may  be  required  to  display  the  output  of  a line  scan  sensor  (e.g.  a SLAR)  which  has, 
say,  400  lines  of  information  In  the  4:3  aspect  ratio  of  standard  TV  and  this  information  has  to  be  dis- 
played on  the  585  active  lines  of  a 625  line  monitor.  Using  processing  techniques  there  are  at  least  two 
possibilities.  400  of  the  available  585  active  lines  on  the  display  can  be  used  directly  and,  to  preserve 
the  aspect  ratio,  the  data  along  the  line  can  be  compressed  by  Increasing  the  rate  of  the  store  read  clock. 
This  format  Is  shown  In  figure  3-  It  may,  however,  be  felt  that  this  Is  not  a very  efficient  way  of 
utilising  the  available  display  area,  In  which  case  It  could  be  arranged  that  the  required  585  lines  be 
generated  from  the  400  available  lines  thus  using  the  full  area  of  the  display.  The  form  of  Interpola- 
tion used  to  derive  the  display  lines  can  range  from  a simple  repetition  of  the  closest  available  input 
lines  to  a complex  algorithm  Involving  weighted  contributions  over  a wide  aperture  for  each  display  point. 
(DREWERY  J.O.  1973,  BBC  1966).  Whilst  It  Is  clearly  not  possible  to  add  information  that  was  not  present 
In  the  original  sensor  output,  this  technique  can  be  used  to  enable  the  most  efficient  use  to  be  made  of 
the  display  when  confronted  with  a wide  variety  of  Input  data  formats. 

The  display  Interpolation  concept  can  be  extended  to  provide  a zoom  facility  where  the  displayed 
Image  Is  magnified  about  a selected  point.  In  this  case  as  the  field  zooms  In,  a reducing  number  of  sensor 
elements  have  still  to  generate  the  requisite  number  of  lines  on  the  display.  There  is  an  obvious  limit 
to  the  extent  to  which  the  Image  can  be  sensibly  magnified,  based  on  the  resolution  of  the  sensor. 

If  the  sensor  system  is  of  a higher  resolution  than  the  display,  then  reverse  Interpolation 
algorithms,  allowing  the  generat ion  of  one  display  line  from  a group  of  sensor  lines,  can  be  employed  in 
order  that  the  full  field  of  view  can  be  displayed  on  the  monitor.  In  this  instance  each  displayed 
picture  element  wilt  contain  a portion  of  Its  surrounding  elements  and  the  display  will  be  limiting  the 
system  resolution.  If  the  picture  Is  then  zoomed  In  about  a selected  point,  the  full  sensor  resolution 
can  be  displayed  over  a reduced  fieid  of  view. 

APERTURE  CORRECTION 

In  imaging  applications  aperture  effects  result  In  a progressive  attenuation  of  high  component 
frequencies.  It  Is  possible  to  apply  some  degree  of  compensation  to  aperture  degraded  signals  by  means 
of  a non  recursive,  and  hence  linear  phase,  high  frequency  boost  digital  filter.  The  realisation  of  this 
filter  Is  relatively  straightforward  utilising  the  arithmetic  unit  A (figure  2).  The  a Igor  I thm  operates 
on  a block  of  adjacent  picture  points.  These  are  normally  obtained  by  means  of  accurate  delay  lines  In 
the  video  signal  path.  However,  the  digital  solution  presents  less  problems  since  there  Is  no  difficulty 
In  extracting  a block  of  adjacent  picture  points  from  the  buffer  store. 

The  resultant,  aperture  corrected  display  Is  one  In  which  contrast  edges  and  fine  contrast  detail  are 

enhanced  at  the  expense  of  a slightly  degraded  signal  to  noise  ratio. 

OVERLAY  OF  SYNTHETIC  INFORMATION 

In  order  to  ease  the  problem  of  display  Interpretation,  it  is  useful  to  be  able  to  overlay  synthetic 
data.  This  Information  may  be  the  results  of  computations  carried  out  on  the  radar  return  (l.e.  target 
velocities  or  Identification  signals)  or  separately  generated  Information  such  as  range  markers.  In 
either  case  It  is  necessary  to  be  able  to  superimpose  this  Information  onto  the  existing  video  signal. 

The  addition  of  any  complex  overlay  Information,  such  as  a terrain  map,  Is  easier  to  Implement  In  a 

digital  storage  system  since  It  can  be  written  Into  the  store,  when  required,  at  selected  locations  and  is 

then  automatically  read  out  with  the  stored  video  data,  retaining  Its  correct  positional  relationship. 

The  usual  problems  associated  with  the  synchroni sat  ion  of  two  separately  generated  analogue  video  wave- 
forms are  not  encountered. 
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In  the  case  of  continually  changing  overlay  information,  where  It  may  not  be  convenient  to  allow  the 
normal  update  of  the  stored  data  to  erase  the  overlay,  a separate  storage  plane  can  be  implemented.  The 
read  out  of  data  from  this  plane  is  addressed  in  parallel  with  the  main  store,  but  it  can  be  written  and 
erased  separately,  thus  providing  a very  flexible  system  for  overlaying  Information. 

COMPUTER  ORGANISED  PROCESSING  EQUIPMENT 

Space,  weight, and  power  restrictions  on  electronic  equipment  have  led  to  a trend  in  which  an 
increasing  number  of  operational  functions  are  incorporated  in  a single  unit.  Hence  It  is  necessary  that 
the  single  equipment  be  based  on  a very  flexible  design  concept.  In  general,  an  equipment  designed  to 
perform  <>  wide  variety  of  tasks  can  be  large,  involved  and  difficult  to  service  if  designed  on  the 
principle  of  a hardwired  interconnection  of  dedicated  logic  functions.  A more  attractive  solution  is  to 
take  advantage  of  the  recent  developments  in  micro-processors.  The  micro-processor  is  a natural 
development  of  the  semiconductor  manufacturers  present  ability  to  fabricate  digital  integrated  circuits  of 
high  internal  complexity  and  it  can  provide  the  basis  for  small,  fast  mi c ro-programmabl e computer 
organised  systems  whose  speed  can  match  that  of  the  N-channel  MOS  memory. 

A flexible  micro-processor  controlled  digital  system  has  been  designed  to  process  video  information 
from  a wide  variety  of  sensors  (figure  5).  The  basic  system  concept  is  depicted  in  figure  k.  The  central 
hardwired  element  Is  a fast  arithmetic  unit  capable  of  accepting  and  distributing  data  on  several  lines 
and  also  of  performing  digital  computation  on  this  data,  all  under  the  control  of  the  micro-processor. 
Selection,  by  software  programme,  of  the  appropriate  data  paths  enables  both  recursive  and  non  recursive 
processing  to  be  performed  in  the  same  arithmetic  unit.  The  micro  programme  also  supplies  the  information 
to  the  buffer  store  address  generator  to  enable  the  various  input  data  formats  to  be  loaded  correctly. 

The  following  facilities  were  incorporated  in  the  design  of  this  equipment: 

Standards  Conversion 

Most  forms  of  scanning  format  can  be  converted  to  standard  flicker  free  TV  compatible  video. 
Asynchronous  Operation 

The  incoming  signals  and  output  video  can  vary  in  both  phase  and  frequency,  thus  allowing  the 
equipment  to  be  used  as  a buffer  for  imaging  and  display  systems  utilising  different  master  sync, 
f requenc ies . 

Moving  Target  Indication 

Moving  targets  on  the  display  may  be  amplitude  or  colour  highlighted  depending  on  the  CRT  used, 
with  or  without  a background  overlay  of  the  normal  scene.  An  audible  or  visual  alarm  system 
with  discriminatory  properties  can  be  integrated  with  the  NT I display. 

Noise  Reduct  Ion 

The  signal  to  noise  ratio  of  the  image  can  be  improved  by  up  to  2k  dB  with  no  degradation  In 
system  resolution. 

Interpol  at  Ion 

Lines  can  be  added  to  the  output  resulting  in  a more  acceptable  display  should  the  input  imaging 
system  have  only  a limited  number  of  lines. 

Electronic  Zoom 

The  magnification  of  the  picture  on  the  display  may  be  altered  by  up  to  10:1  whilst  still 
maintaining  the  same  number  of  lines  on  the  display. 

Auto  Lock  Fol low 

The  system  can  be  programmed  to  provide  an  auto  lock  follow  facility  to  track  a target  of  Interest 
within  the  picture  and  to  provide  Information  for  a stabilisation  or  tracking  loop. 

Aper  ture  Correction 

The  definition  of  the  displayed  Information  can  be  Improved  by  edge  enhancement  In  both  the 
vertical  and  horizontal  planes. 

Frozen  Frame 

A picture  on  the  display  may  be  frozen  without  degradation  for  as  long  as  required. 

Contrast  Enhancement 

The  Incoming  video  amplitude  can  be  automatically  adjusted  such  that  the  overall  maximum  and 
minimum  signal  levels  encompass  the  complete  grey  tone  range.  This  facility  can  be  programmed 
to  operate  over  a selected  patch  of  the  displayed  scene. 
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Mini-Computer  Interface 

The  processor  can  be  coupled  to  a min  I -computer  In  a master-slave  arrangement  for  more  complex 
picture  point  processing.  The  results  of  the  computation  can  be  held  In  a second  buffer  store, 
the  contents  of  which  can  be  continuously  displayed  on  a standard  TV  monitor  to  provide  a real 
time  display  of  processing  such  as: 


Convolution/deconvolution 

Pattern  Recognition 

Removal  of  Blur  Due  to  Movement 

In  view  of  the  specialised  nature  of  these  processors,  self  checking  hardware  can  be  Included  to 
enable  rapid  fault  location.  This,  coupled  with  plug-ln-unlt  construction,  enables  down  time  to  be 
minimised. 


CONCLUSIONS 

Emphasis  has  been  placed  on  the  Importance  of  the  form  of  the  displayed  Image  In  terms  of  Information 
transfer  to  the  observer  and  attention  has  been  drawn  to  the  ways  In  which  digital  processing  of  the  video 
Information  can  Increase  the  efficiency  of  the  display/observer  link. 

This  paper  has  deliberately  not  detailed  any  one  specific  type  of  processing.  Rather  It  has 
attempted  to  irmi  attention  to  the  many  possibilities  In  this  field  afforded  by  the  recent  and  anticipated 
advances  in  integrated  circuit  technology.  The  availability  of  memory  devices  with  higher  density, 
coupled  with  the  Improved  system  concepts  made  possible  by  micro-processor  technology  will,  In  turn,  lead 
to  significant  advances  In  the  processing  of  video  Information  over  the  next  few  years. 
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Figure  1.  A Typlcel  Dig! tel  Seen  Converter  Arrangement 


Figure  2.  Digital  Processor  Block  Diagram 
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DISCUSSION 
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Does  the  requirement  for  sequential  readout  Indicate  that  the  large  store  package 
size  may  In  fact  Inhibit  power-down  operation  and  the  consequent  reduction  In 
power  consumption? 

Each  case  must  be  considered  on  its  merits. 

Can  you  please  comment  on  the  optimum  match  of  the  high  resolution  display  to  low 
resolution  sensor  data  (Interpolation  weighting  functions),  taking  Into  account 
the  emphasis  placed  by  the  human  visual  system  on  the  highest  spatial  frequencies 
In  the  display? 

Interpolation  techniques  are  of  particular  Interest  when  considering  a display 
such  as  that  obtained  from  an  air-to-ground  radar,  where  the  requirement  may  be 
for  16  or  more  contrast  shades. 

If  the  display  Is  represented  as  a two-dimensional  matrix,  where  each  element 
comprises  one  pixel  then,  when  matching  low  resolution  sensor  data  to  a high 
resolution  display,  one  Is  attempting  to  generate  Intermediate  elements  within 
this  matrix  based  on  the  given  data. 

One  way  of  achieving  this  Is  to  generate  a surface  of  facets  by  forming  flat 
planes  at  triads  of  pixels.  Interpolated  points  are  obtained  by  projections  on  to 
this  surface.  A slightly  better  subjective  result  Is  obtained  by  forming  a curved 
surface  using,  say,  a sin  x/x  law,  since  this  does  not  degrade  contrast  edges  and 
point  targets  to  the  same  extent  as  a linear  law. 

Having  Increased  the  number  of  display  pixels,  a reduction  In  the  apparent 
'sharpness'  of  the  picture  Is  sometimes  obtained.  This  can  be  countered  by 
applying  a boost  to  the  high  spatial  frequency  components  In  the  scene.  This  can 
be  achieved  by  correlating  a small  aperture  matrix  (which  can  correspond  to  the 
two-dimensional  Impulse  response  of  the  system)  with  the  picture  matrix  on  a 
polnt-by-polnt  basis. 

The  human  eye  has  a non-linear  amplitude  response,  often  approximated  by  a ^3 
power  law,  and  the  inclusion  of  this  within  the  processing  can  often  enable  an 
observer  to  mora  readily  extract  scene  detail  from  within  a displayed  picture. 
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DESIGN  AND  HELD  TESTING  OF  A DIGITAL  AREA  MTI-PLOT  EXTRACTOR 


J.  Dekker 

SHAPE  TECHNICAL  CENTRE 
P.O.  Box  174  - The  Hague 
Netherlands 

SUMMARY 


This  paper  describes  a non- supervised , non-parametric  learning  algorithm  which,  incorporated  in  an  automatic 
radar  data  extraction  system,  has  the  ability  to  maintain  a given  constant  false  alarm  rate  (CFAR)  in  an, 
a priori  unknown  and  changing,  clutter  and  interference  environment.  The  actual  performance  of  a thus 
implemented  extraction  system  is  demonstrated  by  the  results  of  operational  field  tests  and  by  a series 
of  long-term  extracted  plot  histories  of  recorded  video  signals  from  a variety  of  radar  stations  in  Europe. 

1.  INTRODUCTION 


As  is  well  known  (Skolnik),  Area  MTI  is  a processing  method  which  divides  a radar's  area  of  surveillance 
into  small  cells  or  resolution  elements.  The  principle  of  operation  is  that  of  a single  threshold  amplitude  • 
discrimination  for  each  cell,  i.e.  the  system  rejects  input  signals  having  amplitudes  less  than  a stored 
reference  value.  The  requirement  that  the  system  should  have  a given  constant  false  alarm  rate  (CFAR) 
while  maintaining  a maximum  of  target  detection  sensitivity,  leads  to  the  statement  that  this  stored 
reference  level  should  be  a replica  of  a given  p-percent  value  of  whatever  probability  density  function 
(pdf)  is  representative  for  the  underlying  background  or  clutter  signals.  Thus  the  problem  of  area  MTI 
can  be  reduced  to  a control  problem  of  estimating  or  restoring  a given  p-percent  value  of  any  underlying 
pdf  of  each  resolution  cell.  A solution  to  this  control  problem  and  its  incorporation  in  an  actual  automatic 
radar  data  extraction  system  will  be  discussed. 

2.  ESTIMATING  A P-PERCENT  VALUE  OF  A PROBABILITY  DENSITY  FUNCTION 
2.1 A learning  oriented  approach 

The  approach  to  the  solution  of  an  estimation  problem  like  this,  depends  on  the  amount  of  a priori  information 
which  is  available  about  the  pdf,  such  as  functional  form,  parameters  and,  in  the  dynamic  case,  their  time 
relationship.  The  usual,  analytical  approach  is  to  assume  that  this  a priori  information  is  more  or  less 
completely  available.  Although  this  assumption  has  very  often  to  be  made  just  for  the  sake  of  an 
analytical  treatment  of  the  problem,  the  question  may  be  posed  whether  it  is  always  justified  by  existing 
knowledge  about  the  real  world  phenomena.  In  the  case  of  video  signals  received  from  a particular  radar 
cell,  it  must  be  reckognized  that  the  assumption  of  having  a priori  information  available  is  not  realistic. 

For  example,  consider  a medium-distance  radar  cell  located  over  a sea  area  illuminated  by  a land-based 
radar.  The  signals  observed  in  such  a cell  may,  depending  on  temporary  conditions,  be  classified  either 
as  system  noise,  or  originate  from  sea  surface  reflections,  ground  echoes  received  through  the  back-  and 
sidelobes,  weather  clutter,  or  stationary  platforms  and  ships,  angles,  interference  or  any  combination 
of  these.  Even  if  the  functional  forms  of  the  pdf  of  all  these  signal  classes  were  known,  which  is  not 
the  case,  it  is  impossible  to  predict  the  moments  of  occurrence.  Hence,  the  level  of  uncertainty  is  very 
high  and  not  small,  as  suggested  by  the  assumption  of  sufficient  a priori  information  in  an  analytical 
solution.  The  foregoing  example  and  underlying  considerations  are,  in  a general  way,  valid  for  each  radar 
cell  within  MTI  range.  Thus  the  only  realistic  modelling  of  a radar  cell  environment  would  be  by  means  of 
a pdf  with  a priori  unknown  functional  form,  which  may  change  in  an  unknown  way  at  unknown  moments.  Now, 
if  all  forms  and  parameters  change  very  often  or  even  continuously,  such  a model  would  describe  a chaotic 
situation,  and  there  would  be  little  hope  of  obtaining  useful  information  from  it.  If,  however,  two 
consecutive  changes  of  the  same  factor  are  separated  by  a sufficient  time  interval,  non-parametric 
adaptive  or  learning  algorithms  can  be  applied.  As  pointed  out  by  Tsypkin 

"Adaptation  and  learning  are  characterized  by  a sequential  gathering  of  information  and  -the  usage  of 
current  information  to  eliminate  the  uncertainty  created  by  insufficient  a priori  information". 

The  application  of  learning  algorithms  appears  to  be  very  profitable,  because  it  would  eliminate  the 
need  for  input  signal  analysis,  which  is  often  difficult  and  sometimes  even  impossible.  Even  if  the 
analysis  is  feasible,  the  concept  of  "learning"  instead  of  prior  analysis  may  be  attractive.  There  is  of 
course  a penalty  to  be  paid.  During  the  learning  time  needed  to  eliminate  the  uncertainty,  the  process 
output  is  undefined  and  can  not  be  used  effectively.  Furthermore,  the  learning  time  is  directly  proportional 
to  the  uncertainty  - the  greater  the  uncertainty  the  longer  the  learning  time.  The  model  previously  described 
assumes  very  limited  a priori  information  (in  fact,  a degree  of  uncertainty  is  created  at  the  instant  of 
each  of  the  pdf  changes).  The  learning  method  selected  for  use  in  the  model  must  therefore  not  only 
guarantee  accurate  convergence  to  the  p%  value  after  each  change,  but  must  also  guarantee  that  this 
convergence  is  as  fast  as  possible. 


2.2 A learning  algorithm 

2.2.1  The  basic  algorithm 

As  a first  step  towards  a suitable  learning  method  one  considers  the  flow  diagram  of  Fig.  1.  The  value  of 
the  current  level  (LEV)  is  compared  with  the  current  input  value  (INPUT).  If  the  latter  is  greater,  a 
hit  is  declared  and  the  current  level  is  increased  by  a small  amount  (DELTA).  This  increment  reduces 
slightly  the  probability  of  another  hit  in  the  same  resolution  cell  at  the  next  observation.  If  the 
current  input  is  less,  a miss  is  declared  and  a random  number  (uniformly  distributed  between  1 and  N) 
is  compared  with  a constant  value  (C).  When  equality  occurs  (which  happens,  on  the  average,  once  out 
of  N miss  declarations),  the  current  level  is  decreased  by  the  same  small  amount  (DELTA).  This  decrement 
slightly  reduces  the  probability  of  another  miss  in  the  cell  at  the  next  observation.  If  p (hit)  is  the 
probability  of  a hit  declaration,  the  probability  of  one  out  of  N miss  declarations  can  be  given  as 
K"*  (l-p(hit)J.  The  mechanism  strives  for  a stable  balance,  which  is  reached  if  both  actions  (increment 
and  decrement)  are  equi-probable . Then 

p(hit)  * N_1  (l-p(hit)} 


p(hit)  = (N+l)'1, 


I 


' 
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or 


which  is  the  estimation  of  the  (N+l)  .100%  value  of  input  pdf.  Although,  due  to  the  hard-limited  negative 

feedback,  the  balance  is  fundamentally  stable  and  is  always  restored,  the  current  level  (LEV)  fluctuates 
between  two  values,  at  which  the  deviation  from  the  equi-probability  becomes  sufficiently  great  to  affect 
the  feedback.  This  effect  depends  on  the  steepness  of  the  cumulative  pdf  of  the  input  around  the  p%  value, 
with  respect  to  the  value  of  (DELTA)  by  which  the  level  (LEV)  is  updated.  Since  the  functional  form  of 
the  input  pdf  is  assumed  to  be  unknown  (e.g.  it  could  be  a wide-spread  Gaussian-,  but  may  be  a Dirac- 
function  as  well)  and  thus  no  optimal  value  of  (DELTA)  can  be  derived,  this  quantity  should  be  selected 
as  small  as  possible,  i.e.  corresponding  to  the  least  significant  digit  of  the  digitally  converted  signal. 
This  reduces  the  fluctuations  and  thus  increases  accuracy  as  much  as  possible,  although  probably  not 
always  in  the  most  efficient  way.  This  deficiency  becomes  apparent  if  a change  in  one  of  the  parameters 
of  the  input  pdf  necessitates  a considerable  modification  of  the  current  level  (LEV).  Since  only  one  step 
(DELTA)  can  be  taken  at  a time,  the  total  time  involved  in  the  modification  (the  learning  time)  may  become 
excessive  and  is  not  in  correspondence  with  the  requirement  that  the  convergence  to  the  p%  level  should 
be  as  fast  as  possible.  However,  a bigger  value  of  (DELTA)  violates  the  requirement  of  maximum  accuracy. 

Any  rigid  compromise  between  learning  speed  and  accuracy  can  never  be  completely  satisfactory,  and  hence 
an  adaptive  value  of  (DELTA)  must  be  considered  - in  other  words,  an  acceleration  of  the  convergence  to  the 
p%  level  is  necessary.  With  reference  to  the  algorithm  of  Fig.  1,  acceleration  becomes  necessary  if  the 
deviation  from  equi-probability  of  increment  and  decrement  exceeds  preset  limits.  A convenient  method  for 
detecting  this  is  the  introduction  of  an  asymmetric  binary  integrator,  which  integrates  only  if  the  ratio 

exceeds  the  inherent  asymmetry.  The  contents  of  the  integrator  can,  directly 
used  to  modify  the  value  of  (DELTA).  The  asymmetrical  binary  integrator 
states  (S)  of  a binary  input,  i.e.  an  input  state  which  is  either  true  or 
of  the  binary  input  at  the  kth  observation,  the  output  of  the  ABI  is 


Sk  = true;  A > 1 

S.  = false 
k 


S,  = true 
k 

Sk  = false;  | A | > 1 

The  Inclusion  of  = 0 in  one  of  the  two  asymmetry  modes  is  arbitrary  and  should,  for  unbiased  operation, 

be  randomized,  i.e.,  it  should  occur  with  probability  0.5.  The  selected  asymmetry  mode  can  be  given  as 
the  ratio  of  the  selected  increment  and  decrement,  i.e.  as  A or  as  A"^. 

2.2.2  The  modified  algorithm 

The  introduction  of  the  ABI  in  the  basic  algorithm  is  shown  in  Fig.  2.  The  asymmetrical  binary  integrator 
(ABI)  is  a signed  integer.  If  (ABI)  is  positive,  the  selected  asymmetry  is  A~^.  Hence  the  contents  of  (ABI) 
are  decreased  unless  the  increment  probability  is  equal  to  or  greater  than  A times  the  decrement  probability. 
This  is  the  case  if 


of  the  two  input  probabilities 
or  via  a transfer  function,  be 
(ABI)  operates  on  the  observed 
false.  If  Sj,  denotes  the  state 

k 

Yk r l 

1=1 

where,  if  _<  0, 


X = 


+ A, 

- 1. 


or,  if 


Vi  > °* 


X = 


+ 1. 
- A. 


p(hit)  > A.N  ■*■{ X-pC hit: ) > 

°r  " -1  -1 
p(hit)  > (A  .N+l) 

which  is  the  condition  for  positive  acceleration.  If  (ABI)  is  negative,  the  selected  asymmetry  is  A.  Hence, 
the  contents  of  (ABI)  are  increased  unless  the  decrement  probability  is  equal  to  or  greater  than  A times 
the  increment  probability.  This  is  the  case  if 

N l-p( hit ) > > A.p(hit) 

0r  ~ -1 
p(hit)  ^ (A. N+l) 

which  is  the  condition  for  negative  acceleration.  The  contents  of  (ABI)  thus  fluctuate  closely  around  zero 
as  long  -is 

(A'1. N+l)  > p(hit)  > (A. N+l)'1 

which  is  normally  the  case  if  the  input  is  stationary  in  a statistical  sense.  A temporary  clustering  of 
hit-  or  miss-declarations  increases  these  fluctuations,  but  this  should  not  be  identified  as  a non- 
stationarity • To  identify  a non-stationary  condition,  a discrimination  threshold  (B)  is  applied.  The 
contents  of  (ABI)  must  exceed  the  threshold  (B)  before  action  is  taken  to  modify  the  value  of  (DELTA). 

The  modified  value  of  (DELTA)  is  used  only  with  the  same  polarity  as  (ABI).  This  measure  introduces  a 
hysteresis  in  the  feedback  loop,  suppressing  a possible  tendency  for  self-oscillation.  Also,  it  seems 
likely  that,  whatever  information  is  gained  from  tracking  one  gradient,  can  not  be  applied  to  track 
another  gradient  of  opposite  polarity.  The  contents  of  (ABI)  may  be  used  to  indicate  the  "quality"  of 
the  generated  level  (LEV).  If  (ABI)  is  high,  e.g.,  greater  than  threshold  (B),  the  process  is  in  a 
"learning"  status  and  (LEV)  can  not  be  used  effectively.  If  (ABI)  is  small,  the  status  is  "learned" 
and  the  quality  of  (LEV)  may  be  considered  high. 


3. 


THE  ACTUAL  PERFORMANCE 


3.1  General 

It  seems  rather  pointless  to  assess  by  means  of  a mathematical  analysis  or  simulation  the.  behaviour  of  a 
system  of  which  the  design  objective  is  to  operate  on  input  data  having  completely  unknown  statistical 
properties  on  which  no  assumptions  are  made.  In  other  words,  the  design  environment  is  not  a fictitious 
mathematical  model,  suited  for  analytical  treatment,  but  rather  a non-specif ied  entity,  which  can  assume 
any  form  and  property  and  thus  can  exactly  match  the  actual  environment  within  the  limits  of  the 
quantization  of  signal  dynamic  range  and  resolution  cell  dimensions.  Hence,  the  resolution  should  be  as 
high  as  economically  and  technically  feasible.  This  conclusion  is  consonant  with  what  may  be  called  a 
general  design  rule  for  any  self- learning  device,  i.e.  there  should  be  sufficient  redundancy  to  create 
the  possibility  of  adaptation  to  any  conceivable  situation.  The  costs  of  implementation  of  this  rule, 
together  with  the  deficiency  of  the  necessary  learning  time  is  the  price  one  has  to  pay  for  adopting  this 
non-analytical  approach.  Because  there  is,  it  seems,  no  other  alternative  to  justify  this  principle  than 
by  indicating  its  actual  performance,  several  area  MTI  prototypes,  utilizing  this  approach  have  been 
designed  and  built  at  STC  during  the  past  four  years. 

3.2  The  first  prototype 

This  prototype,  implemented  with  the  basic  algorithm,  was  subjected  to  a series  of  operational  field  tests 
at  a number  of  landbased  and  coastal,  S-  and  L-band  manually  operated  radar  stations  in  Europe.  The  unit 
was  installed  and  operationally  integrated  in  these  sites  by  making  the  area  MTI  output  available  as  an 
optional  video  source  to  the  PPI  operators.  During  a three-months,  day  and  night,  test  period  per  site, 
photographs  were  taken  of  the  PPI-displays  of  linear-  and  MTI-video  and  the  site-personnel  commented  on 
the  operational  value  of  the  area  MTI-video  option.  These  reports  were,  in  general,  very  favourable.  To 
bypass  the  subjective  element  and  to  obtain  some  numerical  results,  two  trained  PPI  operators  were  asked 
to  track  and  record  the  blip-to-scan  ratio  of  targets  of  opportunity  in  a range  interval  of  10  to  55  n mi. 
This  area  contained  strong  ground  clutter  and  intermittent  weather  clutter  in  several  directions.  The 


exercise  was  performed  over  5000  scans  (i.e.  about  15  hours  total  tracking  time).  The  results  have  been 
compiled  for  L-band  in  Fig.  3 and  for  S-band  in  Fig.  4.  The  overall  conclusion  at  the  termination  of  the 
tests  was  that  this  kind  of  MTI-processing  is  entirely  feasible  and  offers  excellent  performance  in  the 
case  the  clutter  signals  are  stationary*  or  nearly  stationary,  in  a statistical  sense.  This  holds  for 
ground-  and  sea-clutter,  but  also  reflections  from  rain-,  snow-,  and  chaff  clouds  under  conditions  of 
low  wind  speed.  However,  some  deficiencies  became  also  apparent  such  as: 

(i) 

Vulnerability  of  the  system  to  clutter  levels  being  highly  non- 
stationary in  space  and  time  (wind-driven  scatterers , anomalous 
propagation),  due  to  the  long  learning  time  of  the  implemented 
basic  algorithm.  This  results  locally  in  a too  high  or  too  low  FAR. 

(ii) 

Vulnerability  of  the  system  to  wilful  or  accidental  interference, 
due  to  integration  of  interference-power  into  the  clutter  map. 
This  leads  to  a prolonged  loss  of  target  visibility. 

(iii) 

Fluctuation  of  detection  probability  of  a slow  moving  target 
during  its  transient  from  one  resolution  cell  to  the  next. 

(iv) 

Range  dependency  of  minimum  tangential  target  velocity  threshold 
due  to  the  increase  of  lateral  dimension  of  the  resolution  cells 
with  range. 

To  cope  with  these  and  some 
algorithm,  was  designed  and 

other  minor  problems  a second  prototype,  implemented  with  the  modified 
built. 

3.3 The  second  prototype 

A block  diagram  of  this  new  system,  called  PEACE  (for  Klot  Extractor  and  Adaptive  flutter  Eliminator), 
is  given  in  Fig.  5.  This  shows  the  data  flow  to  and  from  the  storage  devices,  i.e.  a head  per  track 
magnetic  disc  store  (128  tracks,  total  capacity  6.4  MBits)  and  three  autonomous  core  store  modules  (4  K 
words  of  18  bits  each),  and  the  subsystems:  Cluttermap  Processor,  Fast  Noise  Register  and  Data  Extractor. 

A more  detailed  diagram  of  these  subsystems  is  given  in  resp.  Fig.  6,  Fig.  7,  and  Fig.  8.  Some  salient 
design  points  and  a summary  of  system  specifications  are  described  in  Appendix  A.  To  demonstrate  the  actual 
performance  of  this  second  prototype  a different  technique  has  been  applied.  It  is  believed  that  one  of 
the  most  demanding  and  informative  tests  on  the  actual  performance  of  any  radar  extractor  is  a long  term 
integration  of  plots  extracted  from  a-selective  live  radar  data,  i.e.  recording  the  history  of  extracted 
plots  over  a randomly  selected  interval  of  more  than  100  antenna-revolutions.  The  length  of  such  a history- 
record  allows  an  assessment  of  the  quality  and  consistency  of  tracks  formed  by  valid  plots  of  targets  of 
opportunity  and  also  indicates  the  spatial  distribution  and  densities  of  false  plots.  It  suppresses  also 
the  inadvertent  tendency  of  the  experimentalist  to  selective  in  producing  evidence. 

The  trials  were  carried  out  by  playing  back  three  existing  videotape  recordings  chosen  from  STC-stock. 

These  tapes  were  previously  recorded  for  other  applications  at  three  different  sites.  This  method  not  only 
meets  the  requirement  of  aselectivity  but  also  enables  the  trials  to  be  run  again  without  the  area  MTI 
function,  to  assess  the  insertion  loss  of  this  function.  The  method  also  demonstrates  the  versatility  of 
the  system  in  its  ability  to  operate  on  radar  signals  with  completely  different  characteristics. 

The  results  of  each  trial  are  presented  in  two  sets  of  two  pictures.  The  first  set  shows  the  plot  output  of  a 
single  scan  with  and  without  the  area  MTI  function  operative.  The  second  set  shows  the  plot  output  integrated 
over  a number  of  scans,  also  with  and  without  the  area  MTI  function.  The  integration  time  differs  for  each 
trial  and  is  so  chosen  that  in  each  case  about  2500  plots  are  recorded  on  the  picture  with  the  area  MTI 
function  on.  Range  rings  intervals  are  always  10  n mi . 


I 
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TRIAL  I (see  Fig.  9) 

The  main  characteristic  of  this  trial  is  the  presence  of  fast-moving  weather  clutter.  The  velocity  is 
estimated  at  48  knots.  Although  the  elimination  of  clutter  plots  is  good,  a decrease  of  the  probability 
of  detection,  due  to  the  insertion  loss,  is  noticeable.  This  can  be  partly  explained  by  the  rather  low 
power  of  the  site,  enhancing  the  effects  of  a given  insertion  loss.  Also,  in  this  kind  of  clutter 
environment,  the  lack  of  a negative  acceleration  in  the  map  function  causes  a reduction  of  the  detection 
volume.  Integration  time:  125  scans. 

TRIAL  2 (see  Fig.  10) 

The  situation  is  comparable  to  that  in  Trial  1.  However,  the  radar  system  is  a more  powerful  one  and  so 
the  effect  of  the  insertion  loss  on  detection  probability  is  negligible.  Due  to  the  dense  air  traffic 
(about  50  targets  per  scan),  the  integration  time  was  limited  to  60  scans. 

TRIAL  3 (see  Fig.  11) 

The  environment  is  characterized  by  heavy  ground  clutter.  A feature  to  note  is  a chaff  exercise,  visible 
at  80  n mi,  8 o'clock.  Most  plots  extracted  in  this  area  are  from  the  chaff-sowing  aircraft,  while  only  a 
few  residual  chaff  plots  were  integrated.  The  visible  radial  signals  are  caused  by  playback  errors  of  the 
video  recorder  and  should  be  disregarded.  Integration  time:  160  scans. 

4.  CONCLUSIONS 

The  first  prototype  of  the  digital  area  MTI  has  matured  to  a full-grown  extraction  system  with  a integral 
MTI-f unction.  The  system  is  suited  as  a cost-effective  retrofit*  to  existing  2D-  and  3D-radars,  whose 
parameters  do  not  permit  successful  application  of  a coherent  Doppler-MTI  technique.  The  robust  operation 
of  the  system,  i.e.  its  resistance  against  transients  and  other  unpredictable  background  events , insures 
a high  degree  of  reliability  and  stability,  as  demonstrated  by  actual  field  trials.  Some  criticism  may 
also  be  in  place  here.  The  applied  MTI- technique , a single  threshold  amplitude  discrimination  has 
practically  no  subclutter  visibility.  Because  no  use  is  made  of  any  a priori  information  which  may  be 
available,  redundancy  costs  and  speed  limitations  are  substantial.  However,  these  disadvantages  have  to 
be  weighted  against  the  "nervousness"  and  probability  of  malfunctioning,  due  to  differences  between  assumed 
and  true  signal  properties,  which  is  experienced  with  a more  sensitive  and  deterministic  moving  target 
detection  process.  Another  point  of  possible  criticism  is  that  the  non- analytical  approach  to  the  area  MTI 
problem  might  have  been  adopted  merely  as  a justification  for  the  application  of  a special  technique.  This 
possibility  does  not  invalidate,  however,  the  evidence  showing  that  non-analytical  tasks  can  be  performed 
very  well  by  automatic  control  systems.  Although,  admittedly,  the  term  "very  well"  cannot  be  defined 
easily  in  a quantitative  sense. 

APPENDIX  A 

TECHNICAL  DESCRIPTION  OF  "PEACE" 


A.  1 General 


(PLOT  EXTRACTOR  AND  ADAPTIVE  CLUTTER-ELIMINATOR) 
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The  purpose  of  the  work  was  to  design  an  automatic  radar  data  extraction  system  which,  by  using  the  raw 
video  from  an  acquisition  radar  as  input,  could  detect  the  presence  of  moving  targets,  extract  the 
positional  data  from  these  targets,  and  present  the  information  in  suitable  message  format  to  a tracking 
computer,  i.e.  a Ferranti  1600B.  Maximum  use  was  to  made  of  the  ideas  evolved  in  Chapter  2 and  of  the 
experience  gained  with  the  first  prototype  area  MTI.  The  new  system,  called  "PEACE"  is  in  certain  respects 
similar  to  the  first  prototype  area  MTI,  but  for  convenience  a complete  description  is  given,  with  the 
emphasis  on  modifications  and  additions. 


The  system  is  designed  around  a magnetic  disc  store  (128  tracks,  total  capacity  6.4  Mbits)  in  conjunction 
with  three  autonomous  core  store  modules  (4  K words  of  18  bits  each).  The  data  flow  to  and  from  these 
storage  devices  is  shown  in  Fig.  5.  Module  A is  under  the  control  of  the  extractor.  At  each  radar  trigger 
the  complete  block  of  all  2048  32-bit  cells  is  transferred.  Controlled  by  a range  counter,  each  cell  is 
sequentially  read,  processed  in  the  extractor,  and  written  back.  Modules  B and  C function  alternatively 
as  an  input/output  buffer  for  the  disc  and  as  a working  storage  for  the  clutter  map  processor.  The 
exchange  of  functions  occurs  at  the  end  of  each  sector  of  2.8°  in  the  antenna  azimuth  position.  The 
contents  of  the  module  that  has  the  function  of  input/output  buffer  are  then  transferred  to  the  (N-l) 
track  of  the  disc,  N being  the  number  of  current  2.8°  sector.  Immediately  after  this  operation  the  contents 
of  the  (N+l)*^  track  of  the  disc  are  transferred  to  the  same  (now  emptied)  core  store  module.  This  two- 
way  transfer  needs,  in  the  worst  case,  2.25  disc  revolutions,  i.e.  39  ms.  Thus  the  maximum  antenna  rotation 
rate  allowed  for  is  12  revolutions  per  minute.  The  module  that  has  the  function  of  working  storage  contains 
the  data  of  the  N1"  sector  and  is  under  the  control  of  the  clutter  map  processor.  This  data  is  subdivided 
into  16  "sweep  blocks"  of  392  eight-bit  cells.  At  each  radar  trigger,  one  "sweep-block"  transfer  is  effected 
the  block  concerned  being  defined  by  the  current  azimuth  position  information.  Controlled  by  a range 
counter,  each  cell  of  the  appointed  "sweep  block"  is  sequentially  read,  presented  for  output,  modified  by 
the  map  processor,  and  written  back. 


A. 2 Clutter  map  processor 

A block  diagram  of  the  clutter  map  processor  is  given  in  Fig.  6.  Cell  (R,A,i ) denotes  the  8-bit  clutter  map 
data  corresponding  to  the  physical  area  defined  by  the  range  (R)  and  the  azimuth  (A)  during  the  current 
scan  number  (i).  This  data  is  subdivided  into  a 5-bit  amplitude  part  AMPL(R,A,i),  a 2-bit  acceleration 
part  ACC(R,A,i),  and  a 1-bit  part  to  record  the  plot  history.  The  sweep  number  is  a randomly-generated 
number,  which  is  uniformly  distributed  between  1 and  N.  The  actual  mechanism  is  a serial  counter,  which 
counts  the  radar  sweeps  and  is  reset  each  N**1  count.  Random  fluctuations  and  asynchronization  of  antenna 
movement  and  radar  sweeps  give,  in  most  applications,  a reasonable  approximation  of  a uniform  distribution 


Total  component  costs  of  the  unit  is  approximately  DG  50,000. 
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of  the  contents  of  the  N-counter,  when  sampled  on  a scan-to-scan  basis.  In  some  applications,  however, 
the  use  of  a more  sophisticated  random-number  generator  must  be  considered.  It  is  desirable  that  the 
map  updating  is  performed  only  once  per  antenna  revolution.  For  this  reason  a mechanism  is  introduced 
which  assigns  a label  "valid"  to  the  first  radar  sweep  after  a new  "sweep  block"  is  appointed  (see 
Section  A.l).  Any  following  sweep  before  the  next  "sweep  block"  is  appointed  is  labelled  "not  valid". 
During  these  sweeps  the  contents  of  the  map  cells  are  frozen.  The  clutter  map  processor  executes  the 
recurrence  equations: 

AMPL(R,A,i ) = AMPL(R,A,i-l)  * A 

s 

ACC(R,A,i)  = ACC(R,A,i-l)  + At, 


where  Ag  and  A^  assume  values  assigned  by  the  following  processes: 


If 

there 

is 

a 

hit  and  ACC(R,A,i-l)  < 

2, 

then 

A 

s 

= 

+2 

or. 

if 

there 

is 

a 

hit  and  ACC(R,A,i-l)  = 

2, 

then 

A 

s 

♦ 4 

or. 

if 

there 

is 

a 

hit  and  ACC(A,R,i-l)  = 

3* 

then 

A 

s 

= 

♦8 

or. 

if 

there 

is 

a 

miss  and  sweep  number= 

N, 

then 

A 

s 

= 

-1 

or. 

if 

there 

is 

a 

miss  and  sweep  number^ 

N, 

then 

A 

s 

= 

0 

or. 

if 

there 

is 

a 

not-valid  sweep 

t 

then 

A 

s 

= 

0 

If 

there 

is 

a 

hit 

• 

then 

At 

♦1 

or. 

if 

there 

is 

a 

miss  and  sweep  number= 

N, 

then 

A 

t 

= 

-1 

or. 

if 

there 

is 

a 

miss  and  sweep  number^ 

N, 

then 

A 

t 

0 

or. 

if 

there 

is 

a 

not-valid  sweep 

» 

then 

A 

t 

1 

0 

The  design  false  alarm  rate  (FAR)  of  the  cells  is 
100(2N+1)-1%, 


where  the  parameter  N is  set  by  manual  switches  in  the  range  of  1 to  256,  in  unit  steps.  Only  a positive 
acceleration  action  is  implemented.  The  condition  for  acceleration  is 

FAR  > 100(N+1)‘H, 

and  the  action  is  effected  if 

ACC<R,A,i-l)  > 2. 

The  quality  of  the  current  and  adjacent  map  levels  is  considered  to  poor  if 
ACC(R,A,i-l)  = 3 

and  consequently  this  condition  is  applied  to  control  the  integration  of  possible  hits  into  the  moving 
window  of  the  extractor. 

A.  3 Fast  noise  register  (FNR) 

Assuming  the  presence  of  noise-like  or  pulsed,  non-synchronized  interference,  the  objective  of  this  mechanism 
is  twofold  - first  to  reduce  considerably  the  amount  of  interference  power  integrated  into  the  clutter 
map  and  secondly,  to  present  resistance  against  the  increased  FAR,  while  maintaining  at  least  some  target 
sensitivity.  Unffer  normal  conditions,  the  mechanism  operates  on  thermal  noise  and  generates  the  quantizing 
level  controlling  the  FAR  of  noise  cells  outside  the  clutter  map  range.  A block  diagram  of  the  FNR  is  given 
in  Fig.  7.  The  sampling  of  interference  or  noise  is  performed  each  range  interval  within  a distant  range 
region,  e.g.  40  times  over  the  outermost  10  n mi  of  the  radar  sweeps.  A deterministic  count  of  the  miss 
declarations  is  made  to  indicate  the  Mt*'  misses.  A gated  clock,  derived  from  the  hits  and  the  misses, 
is  used  to  update  the  register.  If  EAMPL(t)  denotes  the  12-bit  amplitude  contents  and  AECC(t)  denotes  the 
8-bit  acceleration  contents  of  the  FNR  after  the  occurrence  of  gated  clock  pulse  t,  the  following  equations 
are  executed: 


DELTA 

= max{ |EACC(t-l)|  - B.+l) 

EACC(t) 

= EACC(t-l)  + Au 

EAMPL(t) 

= EAMPL(t-l)  + Av, 

where  B is  a constant,  set  by  manual  switches  and 

and  Ay  assume  values  assigned  by  the  following  processes: 

If  there  is  a hit  and  EACC(t-l)  is  positive,  then  (A  = +1 

| A^  = .DELTA 

or  if  there  is  a miss  and  EACC(t-l)  is  positive,  then  (A  = -2 

K 1 -1 

or,  if  there  is  a hit  and  EACC(t-l)  is  negative,  then  (A  = t2 

K 1 -1 
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or,  if  there  is  a miss  and  EACC(t-l)  is  negative,  then  (A  = -1 

= -DELTA 

The  design  FAF  of  the  noise  cells  is 
100(M+1)~H, 


where  M is  set  by  manual  switches  in  the  range  of  1 to  256,  in  unit  steps.  The  selected  value  of  M should 
preferably  be  two  times  the  selected  value  of  N (see  Section  A.2).  The  FAR  of  the  noise  cells  is  then 
equal  to  the  FAR  of  the  map  cells.  As  shown  in  Fig.  6,  the  quantizing  level  actually  used  is  the  higher 
of  the  values  in  the  FNR  and  the  current  map  cell.  If  the  FNR  is  selected  instead  of  a particular  map  cell, 
the  feedback  loop  to  that  map  cell  is  interrupted  and  consequently  it  behaves  like  an  asymmetrical  binary 
integrator.  If  the  FAR  defined  by  M is  in  correspondence  with  the  asymmetry  defined  by  N,  the  contents  of 
the  map  cell  remain  basically  unchanged.  By  choosing  M slightly  different  from  2N,  the  user  may  opt  for  a 
slow  addition  of  interference  power  into  the  map  cell  or  a slow  decrease  in  its  original  contents.  The 
condition  for  positive  acceleration  is 

EAR  > 100(0.  SM+U'H, 
and  for  negative  acceleration 

EAR  < 100(2M+1)_1%, 


The  threshold  B is  set  by  manual  switches  in  the  range  of  1 to  256,  in  unit  steps. 

A. 4 Data  extraction  process 

The  extractor  is  of  the  binary  moving-window  type.  Eor  each  range  bin,  a 32-bit  slot  is  available.  This  slot 
is  subdivided  into  three  parts:  a moving  window  (MW)  with  a maximum  capacity  of  18  bits,  a 12-bit  azimuth 
storage  (AZ),  and  a 2-bit  status  indicator  (SI).  The  extractor  process  is  shown  in  Eig.  8.  When  SI(R,k)  = 1 
(where  k is  the  current  radar  sweep  and  R is  the  current  range  bin),  the  process  searches  for  a "target  begin" 
condition.  The  contents  of  MW(R,k)  are  compared  with  a threshold,  T ^ . 


If 

then 

and 

When  SI(R,k ) = 2, 
evolving  target, 


MW(R,k)  > 
AZ(R,k+l) 
SI(R,k+l) 
the  process 


begin 

= current  azimuth 
= SI(R,k ) + 1 

searches  for  a "target  end" 


condition.  To  prevent  range  splitting  of  the 


and 


MW( R+l,k ) = 0 
SI(Rtl,k ) = 1 


The  contents  of  MW(R,k)  are  compared  with  a threshold  Tp  . 

If  MW(R,k ) < T 

end 

then  A2(R,k+l)  = 0.5  (current  azimuth  t AZ(R,k)} 

and  SI(R,k+l)  = SI(R,k)  + 1 

When  SI(R,k)  = 3,  the  process  waits  for  a data  transfer,  via  an  output  buffer  register,  to  the  tracking 
computer.  If  the  output  register  is  ready  to  accept  data,  it  is  loaded  with  a message  composed  of  AZ(R,k) 
and  the  contents  of  a range  counter.  This  message  is  subsequently  transmitted  to  the  tracking  computer, 
controlled  by  the  latter's  interrupt  system.  The  process  is  always  concluded  by  the  updating  of  the  moving 
window.  If  QNT  is  the  binary  quantized  amplitude  of  the  video,  i.e.  QNT=1  for  a hit  and  0 for  a miss, 
then 

MW(R.ktl)  = MW(R,k)  - QNT(R.k-L)  + QNT(R.k), 

where  L is  the  length  of  the  moving  window.  The  parameters  Tvegin  T , and  L are  set  by  manual  switches: 

T,  . and  T . in  the  range  of  1 to  16  and  L in  the  range  of  3 to  if? 
begin  end  ° “ 

A. 5 Summary  of  system  specifications 

(A)  Map  cells 

No.  of  cells 
Range  resolution 

Azimuth  resolution 

Amplitude 
Acceleration 
Plot  history 
Increment 
Decrement 
Decremental  rate 


I 


: 800,000 

: 0.25  n mi  and  0.5  n mi 
adjustable 

: 0.176°  or  0.352°,  range- 
dependent 
: 5 bits  (2®) 

! 2 bits  (22) 

: 1 bit 

: 2,  4,  or  8 adaptive 
: 1 

: 1 to  256  selectable 
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( B)  Fast  noise  cell 
Sampling 

Amplitude 
Acceleration 
Increment 
Decrement 
Decremental  rate 

(C)  Slow  noise  cell 

Sampling 
Amplitude 
Increment 
Decrement 
Decremental  rate 

(D)  Extractor  cell 
Range  resolution 

Word  length 
Azimuth  data 
Status  indicator 
Moving  window 
Target-start  criterion 
Target-end  criterion 

(E)  Maximum  MTI  range 
Maximum  extractor  range 
Starting  range 


: 40  inte  vals  at  distant 


,12, 


range 

12  bits  (2“) 

8 bits  ( 2® ) 

1 to  256  adaptive 
1 to  256  adaptive 
1 to  256  selectable 


: once  in  1 to  256  sweeps 
: 12  bits  (212) 

: 1 
: 1 

: 1 to  256  selectable 


: 0.25  n mi  and  0.5  n mi 
adjustable 
: 32  bits 
: 12  bits 
: 2 bits 

: 3 to  18  selectable 
: 1 to  16  selectable)  and  range 
: 1 to  16  selectable)  dependent 

: 98  n mi  ) range  resolution 
: 512  n mi)  0,25  n mi 
: 0 n mi 


(F)  Radar  signals 

Antenna  positional 


North  alignment 
Maximum  antenna  sp 
Video  input 


PPI  output  signals 
Radar  trigger  input 


L la 

■ 


: ACP,  4096  increments 

TTL  voltage  or  current  drive 

: TT1  voltage  or  current  drive 

: 12  rpm 

: logarithmic  or  linear/logarithmic 

maximum  5 V p/p;  impedance  75  Ohm 

: max.  5 V,  75  Ohm 

: positive;  5 V (min)  to  100  V (max) 


(G)  Plot  message  output 


(H)  Main  input  power 


: interface  compatible  with  CIE 
channel  of  Ferranti  1600B 
computer 

: 220  V +_  10%,  50  Hz  single  phase; 

1 kVA  (ruuning);  3 kVA  (starting). 


I 
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DISCUSSION 


E ELAD: 

J DEKKER: 

P BRADS ELL: 

J DEKKER: 

R CARRE: 

J DEKKER: 


What  kind  of  storage  technology  Is  used  for  the  clutter  map? 

A rotary  magnetic  drum. 

In  your  experience.  Is  It  advisable  to  use  any  pre-processing  (eg  log/pulse-length 
discriminator,  coherent  MTI)  In  front  of  the  Area  MT1  system? 

The  best  performance  is  achieved  If  raw  video  Is  used  as  Input  (le  log  or  preferably 
1 In /log) . 

Avez  vous  pu  evaluer  l'efflcaclte  de  votre  MTI  vis  a vis  des  anges?  * 

If  the  speed  of  the  angels  Is  less  than  the  minimum  velocity-threshold  defined  by 
system  parameters,  the  angel  signals  will  be  cancelled. 


MOVING  TARGET  DETECTOR,  AN  IMPROVED  SIGNAL  PROCESSOR* 


C.  E.  Muehe 

Massachusetts  Institute  of  Technology 
LINCOLN  l LABORATORY 
Lexington,  Massachusetts  02173 


SUMMARY 


A three-year  program  directed  toward  radar  improvements  in  an  automated,  air  traffic  control  environ- 
ment has  successfully  produced  a practical  radar  signal  processor  which  overcomes  clutter  effects  and  pro- 
vides automatic  acquisition  and  tracking  of  all  aircraft  within  the  radar  antenna's  field  of  view. 

The  new  digital  processor,  called  the  Moving  Target  Detector  (MTD)  has  been  carefully  evaluated,  both 
theoretically  and  experimentally  on  an  S-band  Airport  Surveillance  Radar.  The  MTD  radar  exhibits  50-dB  im- 
provement factor  in  ground  clutter,  a subweather  visibility  better  than  12  dB  and  complete  elimination  of 
second-t ime-around  echoes.  A ground  clutter  map  gives  the  radar  super-  and  intra-clutter  visibility  even  on 
tangential  aircraft  (zero  radial  velocity). 

The  MTD  completely  masters  false  alarms  giving  no  significant  increase  even  in  heavy  precipitation  and 
ground  clutter.  Mastery  of  the  ground  clutter  problem  allows  detection  of  low  flying  aircraft  and  gives 
much  greater  freedom  in  siting  the  radar.  The  output  is  suitable  for  digital  transmission  over  narrowband 
(telephone)  lines. 

1.  INTRODUCTION 


Over  the  past  decade  the  Federal  Aviation  Administration  (FAA)  has  been  in  the  process  of  automating  the 
Air  Traffic  Control  (ATC)  system  in  the  United  States.  The  initial  objectives  of  automation  were  to  aid  the 

air  traffic  controller,  relieving  some  of  his  workload,  and  to  maintain  safety  in  the  ATC  environment  in  the 

face  of  increasing  numbers  of  aircraft.  More  recently  a further  goal  of  automation  has  been  to  regulate  the 
flow  of  aircraft  so  as  to  avoid  take-off  and  landing  delays,  thus  making  for  a more  efficient  and  economical 
flow  of  traffic.  This  latter  goal  is  of  particular  importance  to  the  air  transport  industry. 

Automation  is  achieved  by  using  computers.  One  of  the  prerequisites  for  automation  is  the  inclusion  of 
accurate,  timely  position  reports  of  all  aircraft  in  the  ATC  service  volume  into  the  computer's  memory  bank. 
In  early  1972,  at  the  start  of  the  development  work  described  herein,  the  FAA  was  in  the  process  of  automat- 
ing 62  terminal  areas  with  the  ARTS-III  (Automated  Radar  Terminal  System).  In  this  automated  system,  the 
beacon  (ATCRBS)  system  output  reported  digitally  to  the  computer  in  a reliable  manner,  but  the  primary  radar 
output  was  not  adequate  for  digitization.  Rather,  it  was  displayed  on  the  PPI  scope  in  raw,  analog  form. 
Attempts  at  providing  digital  radar  data  were  unsuccessful.  It  was  at  this  point  that  Lincoln  Laboratory 
undertook  a program  whose  goal  was  radar  improvements  sufficient  to  provide  quality  digital  reports  so  that 
aircraft  anywhere  within  the  service  volume  of  the  primary  radar  could  be  automatically  put  into  track  and 
that  a track  so  initiated  would  be  continuous  until  the  aircraft  left  the  radar's  service  volume. 

Initial  studies  showed  that  tnis  lack  of  success  with  radar  tracking  was  due  to  either  an  excess  of 

false  alarms  from  various  forms  of  clutter  (ground,  rain,  bird  returns)  or  due  to  a lack  of  detectability  of 
aircraft  flying  in  the  clutter  areas  or  due  to  a lack  of  aircraft  detection  caused  by  circuits  used  for 
clutter  elimination  (e.g.  tangential  drop  outs).  Analysis  shows  that  in  a noise  environment  a probability 
of  detection  of  0.8  or  higher  per  scan  and  a false  alarm  rate  less  than  10"^  will  produce  good  tracking  of 
aircraft.  However,  due  to  the  requirement  to  follow  manuevering  aircraft,  the  tracker  must  have  a fast 
transient  response  so  that  aircraft  are  typically  dropped  from  track  when  not  detected  on  three  successive 
scans.  The  detection  and  false  alarm  requirements  quoted  above  assume  that  detection  dropouts  are  uncor- 
related from  scan  to  scan.  When  an  aircraft  enters  a clutter  region  this  requirement  is  not  met.  Detection 
is  missed  on  a few  scans  and  the  aircraft  track  is  dropped. 

2.  APPROACH  TO  PROBLEM 


Our  initial  approach  to  this  problem  was  threefold: 

(1)  To  examine  the  nature  of  the  aircraft  and  clutter  radar  returns  so  as  to  establish 
the  required  clutter  rejection  capability. 

(2)  To  examine  and  analyze  existing  approaches  being  used  to  provide  digitized  radar  output. 

(3)  To  examine  all  techniques  which  appeared  to  provide  better  aircraft  detection  in 
clutter  and  to  choose  a compatible  set  which  could  be  used  to  solve  the  primary 
radar  tracking  problem. 

Reference  1 (Muehe,  C.E.,  1974)  discusses  in  detail  many  of  the  conclusions  reached  by  the  initial 
studies.'  In  this  section  we  will  only  summarize  these  findings  and  add  a few  more  observations  before  pro- 
ceeding with  a description  of  the  digital  signal  processor  which  finally  evolved. 

The  initial  studies  showed  that  the  MTI  Improvement  factor  in  ground  clutter  for  a typical  Airport  Sur- 
veillance Radar  environment  should  be  about  50  dB  instead  of  the  20  to  30  dB  experienced  in  most  ground-based 
surveillance  radars.  At  the  50-dB  level,  reduced  detection  will  occur  only  in  very  small  Isolated  ground 


*The  work  reported  was  prepared  for  the  Federal  Aviation  Administration  under  Interagency  Agreement  DOT-FA- 
72-WAI-242  by  Lincoln  Laboratory,  a center  for  research  operated  by  Massachusetts  Institute  of  Technology 
under  Air  Force  Contract  F19628-76-C-0002 . 
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clutter  regions.  In  addition,  blind  speeds  must  be  eliminated  especially  those  at  zero  radial  velocity.  A 
small  aircraft  flying  by  at  longer  ranges  will  typically  go  undetected  on  five  to  ten  scans  as  it  passes 
through  the  tangential  point.  It  is  regularly  dropped  tiom  track  when  conventional  MTI  circuits  are  em- 
ployed. When  flying  in  the  rain,  small  aircraft  sometimes  go  undetected  due  to  the  radar's  lack  of  any 
subweather  visibility.  Studies  show  that  approximately  15  db  of  additional  subweather  visibility  is  re- 
quired to  see  small  aircraft  in  heavy  rain. 

In  many  areas,  the  so  called  second-t ime-around  effect  occurs.  Reflections  from  the  ground  occur  due 
to  illumination  of  the  ground  by  the  second-to-last  pulse  transmitted.  It  is  easy  to  see  that  circuits  de- 
signed to  eliminate  close-in  clutter  will  not  also  eliminate  second-t ime-around  clutter  unless  a constant 
PRF  is  employed  and  unless  the  transmitter  is  coherent  from  pulse  to  pulse  so  that  a fixed  phase  relation 
exists  between  the  returns  from  the  last  pulse  and  the  second-to-last  pulse. 

Radar  returns  from  bird  flocks  (angels)  are  also  a problem.  Fortunately,  angels  can  be  discriminated 
against  by  the  size  of  their  radar  returns.  Further  discrimination  using  scan-to-scan  correlation  is  usu- 
ally also  required  to  completely  overcome  the  angel  problem. 

Not  only  must  solutions  be  found  to  solve  the  detection  and  false  alarm  problems  associated  with  each 
of  the  phenomena  discussed  above,  but  the  solutions  chosen  must  be  compatible  with  each  other.  For  Instance, 
the  constant  PRF  requirements  to  eliminate  second-t ime-around  clutter  are  not  compatible  with  the  usual  stag- 
gered PRF  used  to  eliminate  blind  speeds  when  conventional  MTI  cancellers  are  employed. 

Practically  all  previous  attempts  to  provide  ground-based  surveillance  radars  with  automated  detection 
capability  have  resorted  to  the  so  called  "sliding-window  detector".  Each  range  increment  of  the  radar  video 
is  first  quantized  to  a single  bit  (0  or  1)  using  a first  thres’  Id.  The  number  of  hits  (l's)  are  then 
counted  in  an  azimuth  window  whose  width  is  approximately  equal  to  the  number  of  pulses  in  an  antenna  beam- 
width.  A second  threshold  (the  leading  edge  threshold)  is  set  equal  to  a certain  fraction  of  the  samples  in 
the  azimuth  sliding  window.  As  the  antenna  beam  passes  the  target  the  count  in  the  sliding  window  eventually 
falls  below  a third  threshold,  the  trailing  edge  threshold.  The  true  azimuth  position  of  the  target  is 
estimated  from  the  positions  of  the  leading  and  trailing  edge  threshold  crossings. 

There  are  several  shortcomings  to  the  sliding-window  approach.  Firstly,  the  sliding  window  simply  per- 
forms the  detection  function.  It  cannot  improve  video  signals  (MTI,  normal,  log-FTC,  etc.)  which  may  already 
have  passed  through  filtering  and  non-linear  processes. 

Secondly,  the  sliding-window  detector  incorporates  a form  of  non-coherent  integration,  the  sum  of  l's 
in  the  sliding  window.  If  the  video  contains  clutter  which  is  partially  correlated  from  pulse  to  pulse 
(e.g.  rain  returns)  a much  higher  false  alarm  rate  will  occur  unless  the  leading  edge  threshold  is  raised 
corresponding  to  the  degree  of  correlation  of  the  clutter  residue  (Nathanson,  F.E.,  1969;  Reid,  W.S.,  et.  al, 

’•  *75).  If  the  leading  edge  threshold  is  raised  however,  the  sensitivity  suffers. 

Thirdly,  the  azimuth  accuracy  of  the  sliding-window  detector  is  poorer  than  other  interpolation  schemes 
nsec!  in  track-while-scan  radars.  The  leading  and  trailing  edge  positions  are  determined  at  a time  when  the 
target  is  well  down  on  the  sides  of  the  azimuth  main  beam  antenna  pattern.  At  these  times  the  signal-to- 
noise  ratio  is  low  (just  adequate  for  detection)  and  azimuth  determination  is  inaccurate. 

With  the  rejection  of  the  sliding-window  detector  as  not  being  the  suitable  solution  to  solve  the  radar 
automation  problem,  the  investigation  turned  to  a host  of  other  so  called  radar  fixes  which  were  being  pro- 
posed or  actually  included  in  radars  in  1972  to  help  solve  the  radar  clutter  problem.  Table  I is  a partial 
list:  of  the  fixes  considered. 


TABLE  I - RADAR  FIXES  TO  IMPROVE  PERFORMANCE 


High-Low  Beam  Antennas 
Scanning-Pencil-Beam  Antennas 
3-  or  4-Pulse  MTI  Cancellers  Following  Limiters 
Log-FTC-Ant ilog  CFAR 

Limiting  Plus  Non-Coherent  Integration  for  Interference 
CPACS,  Coded-Pulse  Anti-Clutter  System 
Clutter  Reference  MTI 

Manual  Range-Azimuth  Gating  (RAG)  of  MTI/Normal,  High/Low  Beam,  Receiver  Gain,  STC,  ETC 


Analysis  showed  that  while  all  of  the  fixes  listed  in  Table  I improved  the  situation  in  certain  areas, 
a\  of  them  taken  together  would  not  Improve  an  ASR  to  the  point  where  it  could  automatically  acquire  and 
aircraft  everywhere  within  the  radar's  coverage  volume. 

J ■ "log  the  antenna  beam  or  using  pencil  beams  for  instance  reduces  ground  clutter  for  higher  flying 

• * provides  no  signal-to-clut ter  Improvement  on  the  low  flying  aircraft.  Signal  limiting  prior 
I auses  cl  itter  spectral  spreading  and  a severe  degradation  in  subclutter  visibility.  Some  circuits 

• nt'  <’•»•*  alarms  such  as  log-FTC-ant ilog,  CPACS  (pulse  compression  following  2-bit  quantization), 
•witi np  <>11  -ed  by  non-coherent  integration  are  simply  normal lzers  or  fast  acting  automatic  gain  con- 

+ Ip  v'  • nupt-r-cl utter  visibility  but  do  not  provide  any  subclutter  visibility.  They  merely 

a t t'ar  1 1 a rm*  do  nut  occur  but,  at  the  same  time,  cause  a loss  ot  aircraft 
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Clutter  referenced  MTI  Is  used  sometimes  to  detect  targets  in  moving  rain.  Signals  from  nearby  range 
cells  are  amplified  and  limited  for  use  as  local  oscillator  signals  to  center  the  rain  return  in  the  notch  of 
the  MTI  filter.  This  scheme  falls  apart  when  two  sources  of  clutter  are  present  (ground  and  rain)  and  does 
not  provide  for  the  varying  width  of  the  rain  clutter  spectrum. 

Since  each  of  the  above  fixes  will  only  work  over  limited  regions  of  the  service  volume,  it  is  then  sug- 
gested that  some  kind  of  gating  will  help  solve  the  problem.  The  suggestion  is  to  use  different  fixes  in 
different  parts  of  the  service  volume  as  seems  appropriate.  The  use  of  range-azimuth  gating  admits  that  the 
fixes  are  only  partial  solutions  to  the  clutter  problem. 

3.  DESCRIPTION  OF  THE  MTD 

The  solution  to  the  problems  involved  in  automating  the  ASR  have  been  solved  by  the  application  of  modem 
digital  processing  techniques.  Figure  1 is  a photograph  of  the  resulting  processor,  called  the  Moving  Target 
Detector  (MTD).  The  signal  to  be  processed  is  taken  at  IF  from  the  output  of  the  IF  preamplifier  and  fed 
through  a special  linear,  wide-dynamic-range  amplifier  to  the  quadrature  video  detectors.  These  are  mounted 
in  a chassis  near  the  bottom  of  the  rack  (Figure  1).  The  two  quadrature  video  detector  outputs  are  converted 
to  10-bit  digital  numbers  by  the  analog-to-dlgltal  converters  shown  and,  hence,  into  the  digital  processor 
which  occupies  the  rack  space  Just  below  the  converters.  The  MTD  contains  an  8000-word  input  memory  and  about 
900  integrated  circuits.  A disc  memory  is  used  as  a fine-grained  ground  clutter  map.  All  the  parts  in  the 
entire  rack  cost  approximately  $25,000. 

The  MTD  achieves  its  superior  performance  principally  through  the  fine  resolution  linear  filtering  and 
adaptive  thresholding  techniques.  As  Figure  2 depicts,  on  each  scan  of  the  antenna  the  entire  coverage  area 
is  broken  into  1/16  nmi  by  3/4  degree  range-azimuth  cells,  approximately  370,000  in  all.  In  each  3/4  degree 

azimuth  interval,  called  a Coherent  Processing  Interval  (CPI),  ten  pulses  are  transmitted  at  a constant  PRF. 

The  ten  complex  digital  samples  collected  in  each  range-azimuth  cell  are  processed  to  form  eight  doppler  fil- 
ters which  span  the  PRF  interval.  The  radar  output  is  thus  divided  into  2,900,000  range-azimuth-doppler  cells. 
Each  is  adaptively  thresholded  as  explained  below. 

4.  GROUND-CLUTTER  FILTERS  AND  THRESHOLDING 

The  filters  depicted  in  Figure  2 are  not  simple  filters,  but  rather  they  have  been  tailored  for  best  re- 
jection of  ground  clutter  (Muehe,  C.E.,  1974)  using  linear,  wide-dynamic-range  processing.  It  Is  possible  to 
achieve  MTI  improvement  factors  well  in  excess  of  those  achieved  in  present-day  ASR's.  The  comparison  is  de- 
picted in  Figure  3.  Here  the  upper  curve  is  the  envelope  of  the  MTI  improvement  factor  when  using  the  opti- 
mum filters  employed  in  the  MTD,  and  the  lower  curve  is  the  corresponding  curve  for  the  usual  3-pulse  can- 
celler employed  in  an  ASR  following  a limiting  IF  amplifier.  Notice  that  approximately  25  dB  greater  improve- 
ment factor  is  achieved  and  a much  narrower  notch  is  experienced  at  zero  velocity  and  the  blind  speeds. 

Virtually  all  of  the  ground  clutter  returns  appear  in  filter  zero  (see  Figure  2)  with  a little  bit  spill- 
ing over  into  filters  1 and  7.  Because  ground  clutter  is  so  spotty  in  nature  (i.e.  varies  widely  in  value 
from  spot  to  spot  on  the  ground)  great  difficulty  is  experienced  in  calculating  appropriate  threshold  values 
for  detection.  To  solve  this  problem,  a digital  ground  clutter  map  is  implemented  with  one  word  for  each 
range-azimuth  cell,  370,000  words  in  all.  These  are  stored  on  the  magnetic  disc  memory. 

The  map  value  is  built  up  in  a recursive  manner  by  adding  1/8  of  the  output  of  the  zero  velocity  filter 

on  each  scan  to  7/8  of  the  value  stored  in  the  map.  Thus,  as  rain  moves  into  the  area  or  as  propagation  con- 
ditions change,  the  clutter  map  value  changes  accordingly.  The  value  stored  in  the  map  is  multiplied  by  an 
appropriate  constant  to  set  the  threshold  for  the  zero  velocity  filter.  Since  the  clutter  signals  appear 
at  the  output  of  the  1 and  7 filters,  much  attenuated,  the  clutter  map  value  is  also  used  to  set  one  of  two 
thresholds  in  these  filters.  The  other  is  a mean-level  threshold  as  described  below* 

5.  WEATHER  CLUTTER  AND  MEAN-LEVEL  THRESHOLDING 


Unlike  ground  clutter  which  has  a constant  spectral  width  centered  at  zero  velocity,  precipitation  re- 
turns have  a spectral  shape  which  varies  in  width  as  well  as  average  velocity  (Muehe,  C.E.,  1974).  Its  shape 
is  set  by  the  wind  field  occupied  by  the  rain.  Wind  velocity  variations  with  altitude  set  its  spectral  width 
and  the  average  wind  velocity  with  respect  to  the  radar  sets  the  mean  doppler. 

If  the  set  of  eight  doppler  filters  which  were  optimized  to  reject  ground  clutter  are  weighted  properly, 
they  will  have  moderately  low  side  lobes  (15  to  25  dB)  and  thus  produce  good  discrimination  between  aircraft 
and  rain  at  different  velocities. 

This  is  depicted  in  Figure  4.  A typical  rain  spectrum  is  shown  on  the  bottom  line  and  the  very  narrow 
spectrum  of  an  aircraft  to  the  right.  The  PRF  of  the  radar  is  changed  about  20%  on  successive  CPI's  (groups 
of  ten  pulses).  The  aircraft's  spectrum  folds  over  (aliases)  differently  on  each  PRF  so  that  it  appears 
in  filters  5 and  6 on  PRF-1,  but  in  filters  6 and  7 on  PRF-2.  In  the  example  depicted  in  Figure  4,  the  air- 
craft will  compete  with  the  rain  for  detection  on  PRF-2,  but  it  appears  in  one  filter  without  any  rain  return 
(filter  5)  in  PRF-1.  Thus,  using  two  PRF's,  the  target  appears  in  at  least  one  filter  free  of  rain  over  the 
whole  velocity  region  from  -600  to  +600  knots  except  for  the  small  region  (approximately  30  knots  wide)  when 
the  target's  radial  velocity  is  exactly  that  of  the  rain.  Rain  clutter  rejection  outside  this  small  30-knot 
Interval  is  limited  only  by  the  side  lobe  level  of  the  doppler  filters. 

The  MTD  is  thus  said  to  have  subweather  visibility.  It  can  see  aircraft  whose  cross  section  is  many  dB's 
below  the  radar  cross  section  of  the  weather  return.  This  feature  was  not  previously  available  in  ASR's 
and  accounts  for  the  MTD's  excellent  tracking  ability  of  aircraft  in  rain. 

The  other  nice  feature  of  the  filter  bank  approach  is  the  facility  with  which  proper  thresholds  can  be 
established  taking  into  consideration  the  presence  of  the  rain.  Again,  referring  to  Figure  2 for  each  filter 
number,  the  detection  threshold  is  established  by  summing  the  detected  output.  In  16  range  cells;  eight  on 
either  side  of  the  cell  of  Interest.  Thus,  each  filter  output  (except  filter  zero)  is  averaged  over  one  mile 
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in  range  to  establish  the  statistical  mean  level  of  the  rain  clutter  or  noise  in  each  velocity  increment. 

The  mean  levels  are  then  multiplied  by  an  appropriate  constant  to  establish  the  desired  false  alarm  level. 

If  the  signal  in  a particular  filter  exceeds  this  threshold,  a target  declaration  is  made  and  a digital  hit 
report  is  generated. 

The  hit  report  contains  the  azimuth,  range  and  amplitude  of  the  target  return  as  well  as  the  filter  num- 
ber and  PRF  employed.  As  the  antenna  scans  by  a typical  large  aircraft  as  many  as  20  hit  reports  may  be 
generated  in  different  filters,  on  several  CPI's  and  in  two  range  gates.  These  digital  hit  reports  are  passed 
on  to  a post-processor  where  all  the  reports  which  appear  to  come  from  a single  aircraft  are  grouped  together 
(correlated).  An  interpolation  process  is  then  used  to  find  the  best  azimuth,  range,  amplitude  and  radial 
velocity  of  the  aircraft.  After  the  correlation-interpolation  process  and  further  sector  thresholding  based 
on  target  amplitude  and  doppler  to  reduce  the  angel  count,  the  target  reports  are  delivered  to  the  tracker. 

The  tracker  further  eliminates  false  hit  reports  which  do  not  form  tracks.  Finally,  the  tracker  output  is 
displayed  on  the  scope  for  use  by  the  air  traffic  controller. 

6.  FLIGHT  EVALUATION  RESULTS 


The  MTD  was  connected  to  an  ASR  class  of  radar  at  the  FAA's  experimental  facility  (NAFEC)  in  Atlantic 
City,  New  Jersey,  and  extensive  flight  testing  was  used  to  evaluate  its  operational  performance.  It  was  com- 
pared to  an  ASR-7  which  incorporated  a digital,  3-pulse  canceller  and  to  an  ASR-7  equipped  with  a modern 
sliding-window  digitizer  (Reid,  W.S.,  et.  al,  1975). 

The  two  radars  to  be  compared  were  diplexed  onto  a common  antenna  so  that  they  were  looking  at  the  same 
aircraft  and  clutter  environment  at  exactly  the  same  time.  The  transmitter  power  and  receiver  sensitivity 
were  adjusted  so  that  the  round  trip  sensitivity  of  the  two  against  noise  were  identical  to  within  1 dB. 

What  follows  represents  a small  sampling  of  the  rather  extensive  test  results. 

The  MTD  has  been  tested  on  radars  with  both  klystron  and  magnetron  transmitters  with  equally  good  results. 
The  klystron  radar  was  a greatly  modified  AN/FPS-18  radar.  The  magnetron  radars  used  for  testing  were  the 
ASR-5  and  ASR-7  each  equipped  with  a solid-state  crystal-controlled  stalo.  Because  they  are  not  coherent 
from  pulse  to  pulse,  the  magnetron  radars  will  not  reject  second-time-around  clutter  returns. 

7.  GROUND  CLUTTER  TESTS 


Figure  5 shows  some  results  when  tracking  a controlled  aircraft  over  ground  clutter.  The  ground  clutter 
was  30-45  dB  above  noise.  The  controlled  aircraft  (Piper  Cherokee)  was  beacon  equipped  and  flew  in  a race 
course  pattern  1,000  ft  above  Atlantic  City,  New  Jersey.  Another  radar-only  (non-beacon-equipped)  aircraft 
flew  through  the  same  area.  Forty  scans  (3%  minutes)  of  tracker  output  data  are  depicted  in  Figure  5.  Notice 
the  clean,  smooth  tracks  for  the  MTD  and  the  blip-scan  ratio  of  virtually  100%.  Notice  also  that  the  beacon 
was  missed  for  four  scans  as  the  controlled  aircraft  was  in  a turn  with  its  beacon  antenna  shielded. 

For  the  sliding-window  detector  many  radar  detections  were  missed.  Track  swapping  occurred  and  several 
false  tracks  were  formed. 

8.  PERFORMANCE  IN  RAIN 

Figure  6 compares  the  detection  performance  in  rain  of  the 
the  input  to  the  tracker  is  depicted  for  40  scans  of  the  radar, 
figure  shows  the  general  background  of  false  alarms  adjusted  to 
the  even,  continuous  output  of  the  MTD  and  the  coarse  output  of 
detections.  Rain  covered  most  of  the  area  but  was  particularly 
window  detector. 

9 . INTERFERENCE  ELIMINATOR 

Early  in  the  tests  at  NAFEC  difficulty  was  experienced  due  to  pulse  interference  from  a nearby  radar 
only  15  MHz  separated  in  frequency.  A special  circuit  was  then  incorporated  into  the  MTD  to  suppress  pulse 
Interference.  Figure  7 shows  the  results. 

This  figure  shows  the  raw  output  of  the  MTD  (before  correlation-interpolation  and  tracking).  On  the 
left  we  see  the  spiral  interference.  Counting  the  spots  we  find  almost  every  pulse  from  the  interfering 
radar  caused  a false  alarm.  The  numbers  on  the  face  of  the  photograph  are  the  filter  numbers  in  which  de- 
tections occurred  (see  Figure  2). 

The  blanker  used  to  solve  this  problem  merely  added  up  the  magnitudes  of  the  ten  pulse  returns  in  a 
range  gate  and  compared  the  magnitude  of  each  pulse  with  the  average  magnitude  of  the  ten.  If  one  is  about 
12  dB  larger  than  the  average,  the  blanker  censors  that  range-azimuth  cell  not  allowing  any  detections.  The 
photograph  on  the  right  shows  the  result.  Pulse  Interference  was  completely  eliminated. 

10.  POSITION  ACCURACY 


MTD  and  the  MTI/ sliding-window  detector.  Here 
Neither  aircraft  carried  a beacon.  This 
about  40  per  scan  for  both  radars.  Notice 
the  sliding-window  detector  with  many  missed 
heavy  in  the  spots  missed  by  the  sliding- 


Approximately  100  tracks  were  analyzed  to  establish  and  compare  range  and  azimuth  accuracies.  Only  long 
tracks  with  over  90%  blip-scan  ratio  were  employed.  A high-order  polynomial  curve  (typically  fifth  order) 
was  fitted  separately  to  the  azimuth  vs.  scan  number  curve  and  the  range  vs.  scan  number  curve  of  each  track. 
The  standard  deviation  of  the  departure  of  the  measured  quantity  (range  or  azimuth)  from  the  fitted  curve  was 
determined.  The  resulting  histograms  of  the  standard  deviations  are  shown  in  Figures  8 and  9.  The  MTD  re- 
sults were  close  to  the  beacon  results.  The  azimuth  accuracy  for  the  MTD  is  typically  about  1/10  beamwidth 
and  substantially  better  than  that  for  the  sliding-window  detector. 
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11.  CONCLUSIONS 

The  MTD  offers  a new  class  of  capability  for  ground-based  air  surveillance  radars.  Tests  show  that  a 
radar  equipped  with  MTD  can  track  aircraft  everywhere  within  the  surveillance  volume  of  the  antenna.  It 
permits  tracking  to  be  automatically  initiated  and  the  tracks  are  continuous  despite  ground  and  weather  clut- 
ter and  birds  (angels).  The  radar  now  can  be  sited  more  freely  overcoming  most  ground  clutter  limitations. 

Further,  the  false  alarm  rate  is  so  low  that  after  a small  amount  of  processing,  the  entire  radar's 
output  can  be  reliably  transmitted  over  a narrow  bandwidth  telephone  line.  The  MTD  has  no  tuners  or  adjust- 
ments of  any  kind.  It  is  an  economical  solution  to  the  radar  automation  problem. 
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DISCUSSION 


K MILNE:  I assume  that  the  3-pulse  canceller  preceding  the  8-polnt  FFT  Is  needed  to  give 

Improved  rejection  of  zero-velocity  clutter.  In  the  case  of  rain  clutter  alone, 
or  chaff  clutter  alone,  could  the  3-pulse  canceller  be  reconfigured  to  provide  a 
velocity-compensated  notch  to  Improve  the  clutter  rejection? 

C E MUEHE:  There  would  be  considerable  difficulty  In  reconfiguring  the  3-pulse  canceller  to 

provide  a deep  notch  to  eliminate  rain.  One  would  have  to  provide  circuits  to 
translate  the  centre  of  the  notch  as  well  as  Its  width  to  match  the  rain  spectrum 
In  some  adaptive  manner.  A more  suitable  method  would  seem  to  be  to  provide 
better  sldelobes  on  each  filter  In  the  filter  bank.  We  have  already  prepared 
filter  designs  for  the  next  model  of  the  MTD  with  sldelobes  40  to  50  dB  below 
their  peak  values.  These  should  be  sufficient  to  reject  heavy  rain.  This  solution 
has  the  added  advantage  of  retaining  good  ground  clutter  rejection. 

P BRADSF.LL:  What  form  of  video  processing  would  be  required  If  the  MTD  system  were  to  Interface 

with  a visual  display  directly  rather  than  through  a tracking  computer? 

A 'reconstituted  video'  could  be  generated.  By  use  of  a shift  register  with  one 
bit  for  every  range  resolution  cell,  detections  could  be  remembered  and  displayed 
for  10  pulses  on  the  face  of  the  PPI.  A digital  range  gate  counter  would  be 
required  to  clock  the  shift  register.  Such  a 'reconstituted  video'  circuit  has 
already  been  built  to  display  weather  data  derived  by  summing  the  outputs  of 
filters  1 through  7. 

Could  you  say  how  many  scans  of  the  radar  antenna  are  required  In  order  to  build  up 
the  clutter  map  Information  In  the  disc  store? 

The  disc  store  clutter  map  is  refreshed  by  adding  1/8  of  the  output  of  the  zero 
velocity  filter  to  7/8  of  the  value  In  the  clutter  map  on  each  scan  of  the  radar  so 
that  It  requires  8 to  12  scans  (about  40  seconds)  to  build  up  the  clutter  map  to 
represent  the  average  value  of  the  ground  clutter  In  any  particular  range-azimuth 
cell.  This  value  of  1/8  was  chosen  on  the  basis  of  the  velocity  with  which  storm 
cells  move  through  an  area  since  the  storm  usually  contains  some  zero  velocity 
(tangential)  cells. 

G A VAN  DEK  SPEK:  Does  the  tracking  process  make  use  of  the  doppler  Information  of  the  target 

returns? 

C E MUEHE:  At  the  present  time  the  tracker  does  not  employ  the  doppler  Information.  A fairly 

simple  a-B  tracker  Is  employed.  Doppler  Information  may  be  quite  useful  In  sorting 
out  targets  with  crossing  tracks,  a traditionally  difficult  task  using  simpler 
trackers. 

R VOLES:  Large  fixed  clutter  reflectors  located  near  the  edges  of  the  range-azimuth  cells 

are  likely  to  causj*  occasional  spurious  signals  In  the  adjacent  cells  due  to  the 
Inexact  bearing  readout,  etc.  Are  the  thresholds  for  each  cell  therefore  a weighted 
sum  of  the  running  averages  for  the  neighbouring  cells  as  well  as  the  one  in 
question? 

C E MUEHE: 


J 


The  ground  clutter  map  Is  synchronised  to  the  antenna  rotation  as  follows:  the 
Azimuth  Change  Pulse  (ACP)  generator  rigidly  mounted  to  the  rotating  part  of  the 
an-.enna  generates  4096  pulses  evenly  spaced  In  azimuth  as  the  antenna  rotates  one 
revolution;  the  4096  la  divided  by  240  to  give  17+.  Every  17th  ACP  starts  a new 
set  of  CPI's  (except  occasionally  18  ACP's  are  used).  In  this  manner  the  ground 
map  la  registered  with  the  antenna  rotation  to  an  accuracy  of  about  l/10th  beam- 
width.  This  Is  sufficiently  accurate  so  that  variations  In  signal  strength  from 
a large  fixed  reflector  on  a scan  to  scan  basis  are  smaller  than  the  statistical 
fluctuation  model  (assumed  Rayleigh)  used  In  computing  the  appropriate  threshold 
values.  Thus  there  la  no  need  to  average  the  clutter  values  from  adjacent  range- 
azimuth  cells  to  determine  the  zero  velocity  threshold.  Our  experience  Indicates 
no  particularly  persistent  false  alarms  from  large  fixed  clutter  until  the  fixed 
clutter  point  actually  exceeds  the  extremes  of  the  analog-to-dlgltal  convertor  by 
about  10  dB.  This,  of  course,  Is  a non-linear  effect. 


C E MUEHE: 


M J WITHERS: 
C E MUEHE: 
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LOW  ANGLE  TRACKING  TECHNIQUE 


KENNETH  C.  STIEFVATER 
Rome  Air  Development  Center 
Grlffiss  Air  Force  Base,  New  York  13M1 


SUMMARY 


A new  Low-Angle  Tracking  (LAT)  radar  technique  is  described  which  uses  array  antenna  technology. 

The  process  enables  ti.e  rsdar  to  track  targets  in  elevation  in  the  low-angle  region  between  one  beam 
width  and  the  horizon.  The  technique  uses  the  array  facility  to  form  two  beams  and  a two-channel 
receiver  system  which  forms  the  ratio  of  the  signals  from  each  beam.  By  design,  this  ratio  is 
proportional  to  target  elevation  angle.  The  antenna  patterns  are  designed  to  suppress  the  multipath 
signal  energy,  but  residual  image  signal  energy  entering  the  receiver  is  processed  with  the  target  signal 
without  degradation  of  system  performance. 

This  technique  was  Implemented  and  tested  on  an  overwater  range  using  an  aircraft  as  the  test  target 
to  gather  data  and  evaluate  system  performance  under  varying  reflective  surface  conditions.  The  system 
operated  at  5.5  MHz  and  used  a 12-foot  array  aperture.  Tracking  data  was  collected  between  elevation 
angles  of  5 to  20  milliradians  with  1/10  beamwidth  accuracy.  A description  of  the  flight  test  is 
given  and  a summary  of  the  experimental  data  is  presented. 

1.  INTRODUCTION 

One  of  the  fundamental  limitations  of  angle-tracking  radars  is  the  inability  to  track  in  elevation 
when  the  target  is  within  a beam  width  of  the  horizon.  This  limitation  is  a result  of  the  target  image 
energy  entering  the  antenna  main  and  near  side  lobes,  and  is  usually  referred  to  as  the  multipath  or 
low-E  problem.  Simply  stated,  this  is  a special  case  of  multiple  targets  within  the  angular  resolution 
of  the  system. 

RADC  has  developed  a technique  for  tracking  targets  at  fractional  beam  width  elevation  angles.  This 
system  uses  array  antenna  techniques  to  form  two  beam  patterns  (A  and  B).  When  a target  is  within  the 
low-angle  region  two  return  signals  are  obtained  (one  from  each  antenna  pattern)  and  are  compared  in  an 
IF  receiver  processor  to  form  the  energy  ratio  (B/A).  The  patterns  have  the  unique  quality  of  having 
the  same  B/A  ratio  for  target  positions  at  equal  angle  positions  above  or  below  the  reflecting  surface. 

The  concept  has  been  studied  in  detail  by  computer  simulation  under  NSSC  contract  No.  N0002l*-69-C-1295 
to  evaluate  how  well  the  system  would  work  in  a real-world  environment.  It  was  recognized  that  noise 
and  sea  surface  conditions  were  the  most  important  limitations  of  the  system  operating  as  an  overwater 
tracking  radar  and  that  equipment  tolerances  would  constitute  a relatively  minor  limitation  on  achievable 
performance  for  rough  seas  but  can  be  a limiting  factor  when  the  sea  is  smooth. 

Based  upon  these  theoretical  results,  and  upon  the  practical  consideration  of  implementing  a basic 
experiment,  a system  was  designed  and  constructed  which  operates  in  the  5.**  to  5.7  GHz  frequency  band. 

The  objective  of  the  experimental  equipment  was  to  demonstrate  the  basic  technique  and  not  to  measure  the 
quantitative  absolute  accuracy.  Data  gathering  instrumentation  was  simplified  for  economic  reasons. 
Therefore,  the  resulting  data  cannot  be  interpreted  as  representative  of  the  systems  limitations  or 
potential  capability.  A more  optimally  designed  system  could  be  constructed  that  would  result  in  higher 
angular  resolution,  over  wider  angular  coverage  (including  increased  performance  below  1/U  beam  width). 

A four-horn  array  was  used  to  form  a 12- foot  aperture  with  a nominal  1-degree  beam  width.  The  four 
antenna  output  signals  were  combined  in  a IF  beam- forming  system  to  generate  the  A and  B patterns . An 
A-frame  antenna  mount  was  built  to  hold  the  linear  array  antenna,  and  the  beam  forming  and  receiving  cir- 
cuitry was  fabricated  to  mount  on  standard  relay-racks  suitable  for  mounting  in  a small  trailer.  To 
simplify  the  experimental  radar  hardware,  the  normal  radar  transmitter  and  duplexer  equipment  was 
eliminated  from  the  ground  equipment  and  a CW  beacon  transmitter  was  constructed  suitable  for  mounting  in 
an  aircraft.  This  CW  approach  permits  the  use  of  narrowband  radar  receivers  and  keeps  the  target  beacon 
pover  at  a reasonable  level. 

The  recelve-only  radar  was  set  up  at  the  Eatons  Neck  Coast  Guard  Station  overlooking  Long  Island 
Sound.  The  beacon-carrying  aircraft  flew  constant-altitude  flight  profiles  which  covered  the  low-angle 
region  from  below  1/U  beam  width  up  to  several  beam  widths.  The  measured  angle  output  data  waB  taken  on 
a pen  recorder  along  with  a signal-to-noise  ratio  (SNR)  indication  showing  when  the  return  SNR  was  below 
20  dB.  The  results  were  taken  over  a 3-month  period  (January,  February,  and  March  1973)  wUh  sea  surface 
conditions  varying  from  flat  and  calm  to  rough  with  3 to  U ft  wave  heights.  ^ 

The  receiver  was  arranged  so  that  either  low-angle  or  conventional  monopulse  signal  processing  could 
be  performed.  Data  was  recorded  for  both  processes  for  comparison.  Results  indicate  that  no  accurate 
elevation  angle  tracking  of  the  target  can  be  performed  with  monopulse  processing  under  any  of  the 
observed  sea  conditions.  However,  the  low-angle  tracking  (LAT)  processor  provided  tracking  information 
indicating  target  elevation  angle  within  1/10  beam  width  accuracy,  under  all  sea  surface  conditions 
observed,  down  to  l/U  beam  width  of  the  horizon. 

This  effort  was  conducted  for  the  Rome  Air  Development  Center  (RADC)  by  Airborne  Instruments 
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Laboratory  (AIL)  a division  of  Cutler  Hamer  under  Air  Force  contract  AF30602-T2-C-035T. 

2.  THEORY  OF  OPERATION 

A.  THEORETICAL  PATTERH  FORMATION 

The  antenna  Is  capable  of  receiving  simultaneously  with  two  different  antenna  patterns.  Denoting 
these  patterns  as  Fa(u)  and  F^(u),  It  is  required  that  their  ratio  be  subject  to  the  symmetry  condition: 


where 


PpU)  Fb<~u) 
F^T  f^uT 


R(u) 


u ■ 

D - 
B » 


vertical  aperture  width 
elevation  angle  above  the  horizon 


Alternatively,  the  symmetry  condition  cam  be  expressed  as: 


Fa(-u)  Fb(-u) 
Fa(u)  Fb(u) 


C(u) 


The  principle  of  operation  Is  based  on  the  fact  that  if  the  surface  Is  smooth,  the  reflected  ray  Is  a 
mirror  Image  of  the  direct  ray  and  its  angle  of  arrival  la  governed  by  Snell's  Law.  Assuming  that  the 
target  la  at  great  range  amd  that  the  surface  is  flat,  the  elevation  angle  of  the  reflected  ray  will 
then  be  Just  the  negative  of  that  for  the  direct  ray.  (This  relation  is  not  exact  for  finite  target 
range  and  a curved  earth's  surface.)  If  the  effects  of  thermal  noise  are  ignored  for  the  sioment,  then 
the  total  signal  received  on  the  A-pattern  stay  be  expressed  as: 


Ea  * 8 I Fa(u)  ♦ pg  c1*  Fa(-u) 

where 


S “ signal  strength  parameter 
Pg  * surface  reflection  coefficient 

i " relative  phase  of  the  reflected  ray  Including  path  difference  effects 
In  a similar  manner,  for  the  voltage  received  on  the  B-pattern, 


CO 

■ 

wf 

Fb(u)  ♦ Pg  c1*  Fb(-u) 

The  ratio  of  these  two  voltages  Is  then: 

*b  8 

f Vu)  4 ps  el*  Fb(_u> 

1 CO 

L- 

Fa(u)  ♦ Pg  e1*  Fa(-u) 

Fb(u) 

1 ♦ ps  z1*  Fb(-u)/Fb(u) 

Fa(u) 

1 ♦ Pg  t1*  Fa(-u)/Fa(u)j 

Assuming  the  sysetry  condition  Is  met,  then: 


h. 

F.(  u) 

- D 

1 ♦ Pg  C ♦ C(U) | 

Ea 

Fa(u) 

1 ♦ PX  z1*  C(u)] 

Fa(u) 

Rote  that  this  result  Is  Independent  of  the  reflection.  That  Is,  the  pattern  ratio  can  be  estimated  by 
measuring  the  voltage  ratio  and  from  this  the  elevation  angle  can  be  deduced. 


In  a separate  docuswnt,  a synthesis  procedure  has  been  outlined  that  provides  pattern  pairs  suitable 
for  use  with  a LAT  system  and  also  provides  patterns  suitable  for  normal  high-angle  aonopulse.  Figure  1 
shows  several  low-angle  pairs  produced  by  this  method.  In  each  case,  the  A pattern  has  the  same  shape 
but  the  peak  of  the  A-beaai  Is  oriented  at  varying  distances  above  the  horizon.  The  upward  tilt  of  the 
A- beam , which  Is  called  the  squint,  has  the  desirable  effect  of  discriminating  against  the  Image  ray. 

This  discrimination  Is  useful  In  discriminating  against  errors  due  to  surface  roughness.  What  1b 
probably  more  laportant,  however.  Is  that  It  also  limits  the  cancellation  effects  when  the  direct  and 
reflected  signals  arrive  with  a 100-degree  phase  difference.  This  will  beccme  more  apparent  later. 

the  gains  plotted  In  Figure  1 are  normalized  relative  to  the  gain  of  a uniformly  illuminated  aperture 


of  the  sane  dimensions.  The  gains  as  expressed  in  dB  are,  therefore,  always  negative.  In  each  case, 
the  pattern  ratio  function  is  of  the  parabolic  form: 
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R(u)  - Fb(u)/Fa(u)  « Ku2 

Figure  2 is  an  expanded  plot  for  the  case  of  a 90-degree  squint.  Also  shown  in  the  lower  portion  of  the 
graph  are  curves  of  R(u)  and  C(u).  Note  that  R(u)  * R(-u)  and  the  C(u)  <1  for  positive  values  of  u. 

Although  these  patterns  were  derived  in  a semiempirical  manner  and  cannot  be  said  to  be  optimum, 
their  characteristics  appear  to  be  quite  creditable  considering  the  constraints  involved. 

B.  EXPERIMENTAL  SYSTEM  CONCEPT 

Based  upon  these  theoretical  results,  a system  waB  designed  suitable  for  use  at  the  Eatons  Neck 
radar  site.  The  system  beam  forming  network  is  shown  in  Figure  3.  The  beam  forming  is  performed  at  IF 
for  simplicity  of  hardware  and  maximum  adjustment  flexibility.  Analysis  of  the  design  demonstrated 
that  antenna  patterns  would  be  developed  with  the  desirable  squint  characteristics  and  that  limited 
steering  of  the  axis  of  symmetry  could  be  included  (either  manually  or  electronically  controlled) 
making  the  experimental  radar  more  applicable  to  the  situation  where  the  antenna  is  relatively  high  and 
the  target  range  relatively  short. 

The  design  based  upon  the  use  of  a linear  array  consisting  of  four  large  horns.  The  pattern 
generated  can  be  expressed  analytically  in  the  following  forms: 

Fa  - cos(0  - j)a)  cos2  (0  - 0B)  sin  (0  - 0^/(0  - 0^ 

Fb  ■ cos(0  - 0a)  sin2  (0  - 08)  sin  (0  - 0h)/(0  - 0^) 

where  0a,  0B,  and  0j,  are  the  parameters  which  control  the  pattern  shape,  and  0 is  defined  as  1/2  the 
phase  progression  from  horn  to  horn,  .ntrefore,  0 is  related  to  the  elevation  angle  by  the  expression: 

0 « 2d  sin  E « ^ £ sin  E 

where  D is  the  total  aperture  dimension  and  d is  the  center  to  center  horn  spacing. 

The  values  of  0a  and  0j,  were  based  upon  the  site  geometry  and  chosen  to  produce  desirable  pattern 
shapes . 0h  is  the  value  or  phase  corresponding  to  the  angle  between  the  horizon  and  the  broadside  axis 
of  the  array  and  is  expressed  as: 


<h*jJslnEh 

where  is  the  mechanical  angle  that  the  entire  array  is  tilted  upward.  0a  represents  an  upward  tilt 
or  squint  of  the  patterns  above  the  horizon  and  is  controlled  by  electrical  steering. 

0g  is  the  value  corresponding  to  the  symmetry  axis  or  the  axis  about  which  the  pattern  ratio  is 
symmetrical.  When  the  target  is  at  infinite  range,  this  axis  should  be  horizontal.  On  the  other  hand, 
when  the  target  is  at  finite  range  and  the  antenna  is  elevated,  the  symmetry  axis  should  be  depressed 
below  the  horizontal.  To  a very  accurate  approximation,  the  correct  depression  angle  for  a flat  earth 
can  be  written  as : 


Eg  « - sin-1  (h/R) 

where  h is  the  height  of  the  radar  and  R is  the  range  to  the  target.  For  a fixed  radar  height,  0g  is  a 
function  of  target  range: 


0 > «d  h _ sD  h 

X R X R 

Figure  U shows  the  pattern  ralr  that  results  when  08  ■ 0 degree,  0a  « 30  degrees,  and  0h  « 60  degrees. 
No  attempt  was  made  to  determine  the  optimum  values  for  0a  and  0b.  It  will  be  noted  however  that  the 
patterns  are  quite  creditable.  The  A-pattern  does  ha/e  a substantial  side  lobe  about  four  beam  widths 
above  the  horizon  and  another  about  four  beam  widths  below  the  horizon.  These  would  have  been 
suppressed  if  0^  had  been  set  to  zero.  Within  two  beam  widths  of  the  horizon,  however,  both  patterns 
seem  quite  well  controlled.  The  pattern  ratio  is  plotted  in  the  lower  portion  of  the  figure.  Since  the 
ratio  varies  from  zero  to  infinity,  we  have  used  an  arc  tan  scale  to  show  the  ratio  on  a finite  sheet  of 
paper. 

Figures  5 and  6 are  similar  plots  showing  the  situation  where  0&  and  0h  are  held  constant,  and 
increasing  depression  angle  Is  obtained  by  varying  0„  only.  This  is  the  way  we  can  adapt  the  patterns 
for  close  in  targets  as  seen  from  a high  location.  Figure  5 shows  the  case  where  0B  = 10  degrees.  For 
a total  aperture  of  60  wavelengths,  this  corresponds  to  a depression  angle  of  about  3-7  mils.  This 
value  is  about  right  for  a radar  height  of  100  ft  and  a target  range  of  L . 5 miles.  In  Figure  6,  0S  has 
beer  doubled  to  20  degrees  which  is  about  right  for  a target  range  of  2.25  miles  as  seen  from  a radar 
height  of  100  ft. 
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Figure  3 ii  a block  diagram  vhicb  shows  the  beam-forming  network  used  to  produce  the  designed 
patterns.  As  shown,  the  fixed  values  of  ^ and  ( are  placed  in  the  appropriate  locations  behind  the 
array.  The  phase-jhifted  horn  signals  are  added  In  pairs  as  shown,  and  the  range-dependent 
variable  tB  is  controlled  with  phase  shifters  located  between  the  first  and  second  set  of  combinined  in 
a hybrid  tee  to  produce  the  A and  B signals. 

3.  HARDWARE  DESCRIPTION 

For  this  discussion,  the  receiver  is  divided  into  four  major  sections  (Figure  T): 

RF  head  assembly 
Beats- forming  network 
Arc  tan  processor 

Monopulse- forming  network  and  automatic  frequency  control  (AFC) 

A C-band  RF  source  was  used  as  the  target  beacon  and  will  be  described  separately. 

A.  RF  HEAD  ASSEMBLY 

This  assembly  consists  of  the  antenna,  four  mixer /preamplif iers , a local  oscillator  and  four-way 
power  divider  as  shown  In  Figure  8.  Heater  pads  at  110  V are  used  to  stabilize  che  temperature  of  the 
preampli fleas.  A f 'CportlonsJ  -type  controller  used  to  regulate  the  heater  is  housed  in  a compartment  of 
the  antenna  structure. 

1.  Antenna 

The  antenna  (Figure  9)  consists  of  our  individual  horns  mounted  together  to  form  a vertical 
array.  The  array  is  vertically  polarized  and  operates  in  the  band  from  5U50  to  5650  MHz.  Proper 
system  operation  also  requires  that  each  horn  maintain  its  vertical  plane  radiation  pattern  such  that  the 
array  illumination  is  constant  in  amplitude  and  phase  across  the  total  vertical  aperture . To  accomplish 
this  requirement,  with  a horn  of  reasonable  depth,  a hybrid  design  approach  was  utilized.  In  the 
H-plane  (azimuthal  plane)  the  horn  width  tapers  from  Just  above  cutoff  dimension  at  its  rear  end  to  a 
12-inch  aperture  vldth.  In  the  E-plane  (vertical  plane),  the  horn  height  remains  constant  (at  36  inches) 
from  the  aperture  to  the  horn  throat.  Thus,  the  rear  end  of  the  horn  throat  is  a waveguide  of  narrow 
width  and  large  height. 

A vertical  array  of  32  dipoles  is  used  to  uniformly  excite  the  horn  throat.  The  dipoles  are 
etched  on  a thin  sheet  of  copper-clad  Teflon- fiber  glass.  This  sheet  also  contains  a complete  corporate- 
type  RF  distribution  network  which  feeds  the  dipoles.  The  portion  of  the  sheet  containing  the  dipoles 
is  located  within  the  horn;  the  portion  containing  the  distribution  network  extends  behind  the  horn 
(1/2  ft)  as  the  center  conductor  of  a strip-line  structure.  The  sheet  is  sandwiched  between  two  foam 
supports  and  two  metallic  ground  planes. 

Individual  horn  patterns  were  taken  in  both  the  horizontal  and  vertical  planes  as  shown  in 
Figures  10  and  11. 

The  electrical  parameters  of  the  antenna  array  are  as  follows: 

Azimuth  beam  width  (nominal)  * 12  degrees 
Elevation  beam  width  (nominal)  « 4 degrees 
Individual  horn  gain  « 26  dB 

The  antenna  was  mounted  on  a A-frame  structure  supported  by  guy  wires. 

The  antenna  was  tilted  upward  (E^  » 1.14  degrees)  as  designed.  The  RF  head  electronics,  mixer/ 
preamplifier,  local  oscillator,  etc.  were  mounted  directly  on  the  antenna  structure. 

2.  Mixer  Preamplifier  and  Local  Oscillator  Assembly 

The  local  oscillator  is  a C-band,  mechanically  tuned  cavity  unit  capable  of  being  electrically 
tuned  over  a range  of  20  MHz.  This  electronic  tuning  feature  is  used  in  the  closed  loop  AFC  mode  and  a 
manual  tuning  mode.  The  oscillator  output  is  Isolated  and  then  feeds  a four-way  power  divider.  The 
output  of  the  power  divider  feeds  the  local  oscillator  Inputs  of  the  four  mixer/preamplifiers  via 
four  phase-matched  semirigid  coax  lines.  The  four  mlxer/preampllflers  are  phase  and  gain  matched.  The 
four  RF  inputs  from  the  antenna  horn  assemblies  are  phase-matched  semirigid  coax.  The  IF  outputs  of  the 
mlxer/preampllflers  are  fed  to  the  beam-forming  network  via  four  phase-matched  equal  length  coax  cables. 

B.  BEAM  FORMING  NETWORK 

The  beam- forming  network  consists  of  a number  of  phase  shifters,  simmers,  dividers,  pads,  and  special 

phase  cut  cables  as  shown  in  Figure  12.  The  four  IF  input  signals  (phase  and  amplitude  matched)  are  fed 

from  the  RF  head  assembly  to  the  four  input  phase  shifters,  A1  through  AU. 

To  satisfy  the  mathematical  expressions  previously  discussed,  the  phase  shifts  are  adjusted  as  shovn; 

A 4 as  reference,  A3  at  60  degrees,  A2  at  120  degrees,  and  A1  at  180  degrees,  j 

The  outputs  of  the  phase  shi.  ters  are  combined  to  form  three  signals  at  the  outputs  of  sAmers  A6,  AS, 
and  A10.  Referring  to  the  output  of  A10  (designated  as  reference  cable),  the  cable  at  the  output  of  A8 

is  cut  to  lag  the  reference  cable  by  60  degrees.  In  the  same  smnner  the  cable  at  the  output  of  A6  is  cut 

to  lag  the  reference  cable  by  120  degrees.  The  reference  cable  Blgnal  and  the  -120  degree  cable  signal 
are  combined  in  sunnier  A25  and  amplified  in  A26.  This  signal  is  the  F2  signal.  The  -60  degree  cable 
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directly  feeds  amplifier  A27.  This  output  is  the  FI  signal.  The  two  amplifiers,  A26  and  A2T,  are  phase 
and  amplitude  tracked  and  thus,  preserve  the  relationships  of  the  FI  to  F2  signals.  The  hybrid  outputs 
are  the  A-signal,  which  is  the  sum  of  FI  and  F2,  and  the  B-signal,  which  is  the  difference  of  FI  and  F2. 
This  satisfies  the  conditions  of  08  » 0.  When  a tB  other  than  0 is  required,  an  adjustment  of  the 
reference  cable,  and  the  -120  degree  cable  can  modify  the  tB  to  any  required  angle. 

In  a practical  system,  for  maximum  system  accuracy,  the  axis  of  symmetry  pointing  (controlled  by  tB) 
should  always  be  directed  at  the  earth's  surface  directly  below  the  target.  This  could  be  accomplished 
by  electronic  phase  control  of  0S  as  a function  of  range.  For  the  purpose  of  this  equipment,  however, 
a compromise  midrange  value  of  tB  was  used. 

C.  ARC  TAB  PROCESSOR 

Figure  13  shows  the  components  of  the  arc  tan  processor. 

The  system  operation  requires  that  the  amplitude  ratio  of  B/A  be  converted  to  two  signals  whose 
phase  relationship  varies  directly  with  this  ratio.  This  is  accomplished  in  quadrature  hybrid  A31. 

These  two  outputs,  designated  as  A-JB  and  B-JA  are  amplified  and  limited  in  phase  tracked  amplifiers  A32 
and  A33.  The  outputs  of  these  two  amplifiers  are  fed  to  phase  detector  A3** . A 90-degree  phase  shift 
cable  is  inserted  in  the  A-JB  signal  to  set  the  proper  demodulating  angle  of  the  phase  detector. 

The  output  of  the  phase  detector  is  fed  to  a narrowband  dc  amplifier  A35  with  its  output  designated 
as  the  arc  tan  output  of  the  processor.  The  ratio  of  the  amplitudes  of  the  A and  B patterns  is  conveniently 
measured  in  the  standard  arc  tan  type  of  processor. 

D.  M0B0PULSE- FORMING  NETWORK  AND  AFC 

Figure  lU  shows  the  monopulse- forming  network  and  AFC  circuitry.  Two  signals,  tapped  off  from  the 
beam-forming  network  in  dividers  A21  and  A22  are  fed  to  the  input  of  a hybrid  tee,  A38.  The  outputs  of 
this  hybrid  form  the  monopulse  patterns,  that  is,  I and  A,  and  are  linearly  amplified  in  A39  and  AUo.  A 
portion  of  the  E signal  is  tapped  off  in  a 10-dB  directional  coupler,  AUl  and  fed  to  the  AFC  circuitry. 

The  two  nomopulse  outputs,  I and  A,  are  then  processed  in  the  arc  tan  processor  in  the  same  manner  as  the 
LAT  signals.  During  the  experiment  this  was  accomplished  by  changing  coax  patch  cables  on  the  front 
panel  of  the  processor.  The  off-boresight  monopulse  data  was  recorded  in  the  same  manner  as  the  LAT 
information. 

The  signrl  used  for  the  AFC  function  is  tapped  from  the  main  I signal  and  amplified  by  linear  amplifier 
A36  and  then  fed  to  a limiter-discriminator  AUU.  The  detected  dc  output  of  the  discriminator  is  processed 
by  an  active  integrator,  A**5,  and  amplified  by  dc  amplifier  A 1*6.  The  output  of  this  amplifiev  is  the 
electrical  tuning  voltage  required  to  tune  the  RF  local  oscillator.  A swing  of  0 to  +15  V will  slew 
the  local  oscillator  frequency  approximately  20  MHz.  A front  panel  switch  allows  for  manual  or  closed 
loop  AFC  operation.  Two  zero-center  panel  meters  are  used  to  assist  the  operator  in  the  acquisition  of 
the  CW  target  source.  One  meter,  connected  directly  to  the  output  of  the  discriminator,  displays  the 
relative  frequency  deviations  above  or  below  the  60-MHz  center  frequency  of  the  IF  amplifiers.  A second 
meter,  used  during  closed  loop  operation,  displays  integrated  output  voltage  deviations  above  and  below  0V. 

A front  panel  10-turn  potentiometer  allows  the  operator  to  manually  slew  the  local  oscillator  frequency 
during  the  manual  search  mode.  Observation  of  the  discriminator  output  meter  enables  the  operator  to 
properly  tune  the  local  oscillator  frequency  prior  to  closing  the  AFC  loop.  After  the  loop  is  closed  any 
long-term  drifts,  either  of  the  C-band  CW  source  or  the  receiver  RF  local  oscillator  are  sensed  and 
corrected  by  the  loop.  Slow  drifting  can  be  observed  on  the  integrator  output  meter  as  a deviation  from 
zerc  and  can  be  corrected  or  followed  up  by  manually  adjusting  the  10-turn  potentiometer. 

E.  C-BABt.  CW  SOURCE 

The  LAT  experiment  was  conducted  with  receive-only  equipment  so  an  RF  target  source  was  required. 

A CW  cavity-tuned  oscillator  was  used  and  located  along  with  the  ranging  instrumentation  package  in  the 
aircraft.  The  oscillator  was  powered  by  small  storage  batteries  and  voltage  stabilized  by  a regulator 
to  minimize  oscillator  drift.  Drifting,  due  to  ambient  temperature  changes  was  minimized  by  the  addition 
of  external  thermostatically  controlled  heater  pads.  The  unit  was  mounted  on  a l/8-inch  aluminum  plate 
and  suspended  at  the  four  corners  by  shock  cards  to  eliminate  any  mechanical  modulation  of  the  oscillator 
due  to  aircraft  vibrations.  The  output  power  of  the  oscillator  is  nominally  +23  dBm.  The  output  was 
routed,  via  a 2-foot  length  of  coax  cable,  to  a vertically  polarized  omnidirectional  antenna  located  on 
the  lower  portion  of  the  fuselage.  The  oscillator  frequency  was  set  for  5.5*»0  GHz. 

1*.  ETPFRXMENTAL  PROGRAM 

A.  GENERAL 

fhe  flight  test  site  was  located  at  the  Eaton's  Neck  Coast  Guard  Station  overlooking  the  Long  Island 
Sound.  The  antenna  was  located  on  a bluff,  21  ft  above  3ea  level.  A trailer,  to  house  the  processor, 
peripheral  instrumentation  equipment,  was  located  50  ft  behind  the  antenna.  The  antenna  was  orientated 
in  a north-easterly  direction,  thus  allowing  a minimum  of  12  miles  of  overwater  testing  range.  Figure  15 
shows  the  range. 

A flight  consisted  of  one  outbound  and  one  inbound  run  on  a predetermined  heading  to  keep  the  target 
aircraft  within  the  12  degrees  azimuth  beam  width  of  the  antenna.  Each  flight  was  flown  at  a constant 
altitude  of  100,  250,  or  500  ft.  For  comparison  purposes,  both  LAT  and  off-boresight  monopulse  data  was 
recorded . 

B AIRCRAFT  INSTRUMENTATION 

Two  di.ferent  aircraft  were  used  during  the  test  period.  During  the  first  50  hours  of  flying,  a 
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Citabria  float  plane  waa  used.  During  the  next  $0  hours,  a Cessna  150  float  plane  vas  used.  Each 
aircraft  vas  Instrumented  In  an  Identical  manner  to  ensure  consistent  results. 

The  aircraft  vas  equipped  with  a C-band  CW  source  emitting  approximately  200-mW  RF  power  f idlng  a 
vertically  polarised  omnidirectional  antenna  located  beneath  the  fuselage. 

In  addition  to  the  C-band  CW  beacon,  a X-band  pulsed  transponder  and  associated  antenna  vas  Installed, 
to  be  used  In  conjunction  with  a ground-based  ranging  system.  Constant  conmunlcatlon  vas  maintained 
betveen  the  aircraft  and  the  ground  test  site  via  VHF  radio  on  an  assigned  frequency  of  123.5  MHz.  Constant 
altitude  vas  maintained  using  the  aircraft’s  altimeter  as  a reference.  This  altimeter  vas  a standard 
aircraft  barometric  type  and  vas  a source  of  accuracy  error. 

C.  GROUHP  test  site 

The  ground  test  site  consisted  of  the  LAT  receiving  antenna,  a trailer  to  house  the  LAT  processor, 
recording,  ranging  and  peripheral  equipment,  and  a portable  engine  driven  ac  generator  to  supply  test 
site  pover. 

Processor  output  data,  consisting  of  arc  tan  output  voltage  and  received  signal  level  Indication,  vas 
recorded  on  a Brush  Mark  II  analog  recorder.  Range  marka  In  5 or  10  us  Intervals  were  recorded  on  a third 
channel. 

Recorded  data,  therefore,  consisted  of: 

A continuous  analog  recording  of  either  a LAT  or  monopulae  voltage  vhlch  vas  representative  of 
the  aircraft's  elevation  angular  position. 

Tick  marks  every  5 or  10  us  Indicating  the  aircraft's  range. 

Continuous  recording  of  the  IF  limiter  output  signal  level  to  Indicate  signal  fades.  (SNR  less 
than  20  dB.) 

This  recorded  angle  data  vas  later  compared  to  a theoretical  plot  to  determine  actual  versus 
calculated  aircraft  position.  Figure  16  Is  a complete  Instrumentation  diagram,  Figure  IT  Is  a sample  of 
the  strip  chart  recording. 

The  ranging  system  consisted  of  a ground-based  X-band  transmitter,  X-band  transponder  located  In  the 
aircraft,  and  a ground-based  X-band  receiver.  The  time  Interval  betveen  transmitted  and  received  pulses 
vas  measured  and  read  out  on  a time  Interval  counter.  This  Information  vas  recorded  on  the  analog  recorder 
as  range  marks. 

D.  SYSTEM  ADAPTATION  FOR  RADAR  SITE  GEOMETRY 

One  of  the  experimental  conditions  set  by  the  physical  location  of  the  radar  site  vas  the  height  of 
the  aperture  above  the  reflecting  surface.  Normally,  the  measured  radar  elevation  angle  Is  that  angle 
betveen  the  ray  to  the  target  and  a ray-line  extending  from  the  antenna  center  parallel  to  the  earth's 
surface  (flat  earth  considered  for  short  ranges).  Because  the  antenna  vas  located  27  feet  above  the 
mean  vater  surface,  neither  the  reflecting  surface  or  the  ray-line  parallel  to  the  surface  represented 
the  correct  angle  measurement  reference.  The  correct  reference  line  vas  that  imaginary  line  extending 
from  the  center  of  the  aperture  to  a point  on  the  reflecting  surface  directly  below  the  target  (again 
aasiKlng  flat  earth  geometry  for  the  short  ranges  being  considered).  This  line  then  bisects  the  angle 
betveen  the  target  ray  and  the  target  Image  ray. 

In  the  design  phase  of  this  program,  provision  vas  made  In  the  beam-forming  network  to  adjust  this 
axis  of  sjmetry  reference  line  based  upon  the  antenna  height  above  the  vater  and  sosie  selected  range 
position.  Conceptually,  in  an  operational  configuration,  the  pointing  of  this  axis  of  symmetry  would  be 
a dynamic  processor-controlled  function  coupled  with  the  radar  range  tracker,  However,  for  this 
experimental  program,  a fixed  midrange  position  vas  selected  and  the  beam  forming  network  adjusted 
accordingly.  (The  phase  adjustment  of  tt  In  the  processor  controls  the  symmetry  axis.)  A series  of 
computer  calculations  were  performed  to  determine  the  elevation  angle  errors  that  would  result  for  target 
range  positions  other  than  the  design  point.  The  results  are  shown  In  Figure  18. 

The  surveyed  height  of  27  feet  vas  used  with  constant  target  heights  of  100,  250,  500,  and  1000  feet. 
With  the  symmetry  axis  set  at  -0.8  ml 111 radian,  the  error  in  setting  the  symmetry  axis  Is  bounded  by 
♦0.5  mrad  for  target  ranges  in  excess  of  k nml. 

The  consequences  of  an  error  In  setting  the  syaetry  axis  are  discussed  In  W.D.  White's  "Noise 
and  Tolerance  Errors  in  the  AIL  Low-Angle  Tracking  8ystsm,"  AIL  Technical  Note  LAT- 2,  July  1971.  In 
summary  of  that  discussion,  the  pointing  error  results  In  a measurement  error  vhlch  averages  to  approxi- 
mately the  pointing  error.  However,  the  Instantaneous  measurement  error  varies  with  Image  phase  and  re- 
flection intensity  over  limits  of  from  0.9  to  2 times  the  pointing  error  for  moderate  reflection  and 
from  0.7  to  10  times  the  pointing  error  for  strong  reflections. 

Thus  the  test  results  should  be  more  accurate  (as  far  as  the  pointing  error  is  concerned)  in  the  6 to 
9 nml  region.  At  shorter  ranges,  undulation  of  the  measured  targat  elevation  about  the  true  value  is 
expected  to  occur  as  the  target  opens  or  closes  range.  The  amplitude  of  these  undulations  should  be 
related  directly  to  the  magnitude  of  the  pointing  error  and  Inversely  to  the  sea  state. 

As  pointed  out  previously,  this  error  can  be  removed  by  varying  the  syMetry  axis  continuously  with 

target  range. 
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Once  the  geometrical  pointing  angle  of  0.8  mllliradlan  had  been  chosen,  the  electrical  phase 
angle,  tB,  was  calculated  (0S  « 5 degrees)  and  the  appropriate  phase  adjustment  set  Into  the  beam 
forming  network.  After  this  final  phase  control  was  set,  the  entire  system,  the  antenna,  beam  forming 
network,  and  arc  tangent  processor  circuits  were  tested  on  the  AIL  antenna  range.  The  antenna  was 
placed  on  a pedestal  and  rotated  through  several  degrees  in  the  elevation  plane  and  the  total  system 
response  was  recorded.  The  output  voltage  Is  plotted  as  a function  of  antenna  angle  relative  to  the 
broadside  of  the  array.  The  angular  measurements  were  made  with  a theodolite  physically  mounted  to  a 
fixture  on  the  antenna  and  sighting  was  made  to  a far-field  source  antenna.  The  resulting  system 
characteristic  curve  Is  shown  in  Figure  19.  The  key  reference  points  on  the  angle  coordinates  are  the 
array  broadside  position  and  the  axis  of  symmetry  position.  The  system  monopulse  boreslght  Is  also 
shown. 

It  should  also  be  recognized  thit  the  arc  tangent  processor  produces  ambiguous  reading  beyond  l.U 
standard  beam  widths  of  the  symmetry  axis  limiting  the  angular  coverage  of  this  experimental  model. 

This  limit  Is  not  the  limit  of  the  technique,  but  rather  the  limit  of  the  type  of  processor  used.  The 
arc  tangent  processor  also  is  affected  by  phase  detector  sensitivity  loss  as  the  elevation  angle  of  the 
target  approaches  the  axis  of  symmetry.  This  effect  can  also  be  eliminated  by  using  a different  signal 
processing  method. 

In  addition  to  the  LAT  system  characteristic,  a monopulse  characteristic  was  measured  to  determine 
the  off-boresight  angle  versus  output  voltage  characteristic,  at  + 1/2  beam  width  about  the  boreslght. 

The  difference  pattern  was  formed  between  the  upper  and  lower  array  element,  and  the  resultant  character- 
istic was  approximately  a straight  line.  The  output  voltage  from  the  system  processor  was  +1-5  volts 
for  target  elevation  angle  positions  of  + 1/2  beam  width  off  monopulse  boresite. 

5.  DATA  REDUCTION 

After  the  radar  equipment  was  installed  at  the  site  and  the  aircraft  instrumented  with  the  beacon 
units,  flight  testing  proceeded.  Three  constant  altitude  flight  profiles  were  used:  500,  250,  and  100 
feet.  Sea  surface  roughness  was  recorded  for  each  flight  as  an  external  variable  which  could  affect  the 
recorded  data. 

The  main  system  configuration  was  aligned  to  observe  the  performance  of  the  LAT  technique;  in 
addition,  for  comparative  purposes,  a fix-antenna  monopulse  configuration  was  implemented  to  collect 
nominal  representative  data  showing  the  multipath  effect  on  standard  monopulse  performance  at  low  angles. 

Each  flight  data  record  was  coded  with  a flight  number  indicating  the  date,  the  flight  number  for  the 
day , and  the  direction  (ln-bound  or  out-bound)  of  the  aircraft.  In  addition,  the  system  configuration 
was  noted  at  LAT  or  monopulse.  All  results  were  collected  on  a multichannel  pen  recorder,  with  target 
range  position  information  taken  from  the  X-band  range-only  equipment  previously  described.  The  total 
test  program  extended  over  a 3-month  period  from  January  through  March  1973.  The  total  aircraft  flight 
time  was  100  hours,  but  due  to  various  initial  test  instrumentation  problems,  the  total  data  collection 
was  accumulated  over  approximately  65  flight  hours. 

Figure  17  shows  pen  recordings  made  for  a typical  LAT  and  monopulse  run.  The  second  channel  on  the 
recordings  is  a signal-to-noise  indication.  A threshold  circuit  was  set  to  Indicate  when  the  SNR  ratio 
was  below  20  dB.  Signals  with  less  than  20-dB  SNR  were  declared  invalid  indicators  of  the  basic 
technique  capability  since  the  experiment  was  conducted  with  a minimum  strength  target  beacon. 

The  data  runs  were  converted  from  pen-recorder  form  to  tabular  form  by  reading  the  recorded  voltage 
plot  at  5 vis  increments  for  each  flight. 

The  LAT  flights  which  produced  little  or  no  data  due  to  signal  fades  below  20-dB  SNR  were  not  included 
in  the  tabulation.  This  tabulated  LAT  data  was  then  put  on  punch-tape  (Appendix  II  for  punch-tape  data) 
and  fed  to  a time-shared  computer. 

The  computer  was  programed  to  convert  the  voltage  readings  to  angles  based  on  the  system  input 
angle  versus  output  voltage  characteristic. 

Statistical  data  reduction  was  then  performed  on  the  angle  data.  First  the  flights  were  divided 
into  six  groups  based  on  target  altitude  and  calm  or  rough  sea  state  conditions.  Table  I shows  the  six 
groups  and  the  number  of  flights  Included  in  each  group. 

The  LAT  data,  or  file,  for  each  group  was  compiled  so  that  the  average  value  of  angle  over  all 
flights  in  the  group  was  computed  for  range  positions  in  5 us  range  increments.  The  computer  also 

calculated  the  + 1 a value  for  the  data  population  at  each  range  position.  The  results  of  these 

calculations  are  plotted  in  relation  to  the  theoretical  target  position  for  each  group  in  Figures  20,  21, 
22,  23,  2L  and  25.  The  computations  have  all  been  adjusted  to  indicate  elevation  angle  as  measured  from 
the  antenna  relative  to  a plane  parallel  to  the  earth's  surface  (flat  earth). 

Because  of  the  random  and  nonrepeatable  nature  of  the  monopulse  results,  no  attempt  was  made  to 

average  this  data.  Instead,  a typical  representative  flight  result  was  plotted  for  each  of  the  six 

groups  that  the  LAT  data  was  divided  into.  The  data  is  shown  relative  to  the  theoretical  monopulse 
off-boresight  characteristic  in  Figure  26,  27  and  28. 

In  addition  to  the  discrete  range  distribution  calculations  for  the  LAT  data,  the  rms  values  for 
each  of  the  six  groups  were  calculated  and  are  presented  in  Table  II.  The  rms  error  at  each  of  the  range 
positions  was  found  by  using  the  following  expression: 

I — ' 

rms  error  “ ' (8  - 8true)2  ♦ o2 
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where 

9 ■ average  measured  elevation  angle  for  all  flights  in  a group 
®true  * theoretical  elevation  based  on  geometry 

o2  * variance  of  the  elevation  measurements  over  all  flights  in  a group. 

These  rms  errors  were  averaged  for  each  group  separately,  over  slat  ranges  corresponding  to  elevation 
angles  of  l.U  standard  beam  width  (2U.3  mrad)  or  less  to  produce  the  entries  in  the  body  of  Table  II. 

Averaging  over  the  target  heights  results  in  a 1.1*1  mrad  and  1.T9  mrad  rms  errors  for  calm  and  rough 
(wave  height  generally  greater  than  2 feet)  seas,  respectively.  Finally  the  average  of  these  two  values, 
1.6  mrad,  is  taken  as  representative  of  the  overall  low  angle  tracking  performance  (one-tenth  beam  width) 
over  all  flights  performed  for  this  experiment. 

6.  CONCLUSIONS 

The  results  of  the  low  angle  tracking  experiments  demonstrate  the  ability  of  the  system  to  consistently 
measurr  target  elevation  angle  in  the  region  from  one-quarter  beam  width  to  l.U  beam  widths  of  the  horizon 
with  an  rms  accuracy  of  one-tenth  beam  width. 

The  experimental  equipment  built  to  demonstrate  the  B/A  technique  feasibility  was  optimized  for 
targets  at  7 miles  range.  However,  the  system  performed  consistently  and  accurately  at  other  ranges  within 
the  expected  error  limits.  Equipment  limitations  prevented  data  collection  beyond  l.U  standard  beam 
widths  above  the  horizon.  Site  geometry  and  equipment  sensitivity  prevented  accurate  data  collection 
at  angles  belov  one-quarter  beam  width.  These  equipment  limitations  can  be  eliminated  by  optimizing 
equipment  designs  and  addressing  accurate  system  performance  rather  than  feasibility  demonstration. 
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Figure  1 Low-Angle  Tracking  Patterns  Figure  2 Expanded  Antenna  Patterns 
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Figure  16  Instrumentation  Diagram  Figure  17  Strip  Chart  Recording 
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Figure  19  Voltage  Versus  Angle  Characteristic  Curve 
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Figure  25  LAT  Experimental  Results,  Altitude  ■ 500  Feet,  Sea  Surface  Rough 
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Figure  26  Typical  Monopulse  Performance,  Altitude  100  Feet 
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DISCUSSION 


P NERI: 


K C STIEFVATER: 


G GALATI: 


K C STIEFVATER: 


M H CARPENTIER: 


K C STIEFVATER: 


The  performances  achieved  by  the  presented  technique,  which  seems  complex,  are 
similar  to  those  achieved  using  frequency  agility.  Have  you  compared  the  two 
methods? 

No  comparison  per  se  has  been  made  between  the  two  techniques.  However,  from 
published  data  on  frequency  agility,  the  B over  A technique  achieved  at  least  as 
good  If  not  better  results.  As  stated  In  the  paper  our  accuracy  was  limited  by 
site  geometry  and  equipment  sensitivity.  Tf  all  conditions  were  optimised  I 
believe  the  results  would  show  considerable  Improvement. 

According  to  our  analysis,  the  effect  of  the  finite  dimension  of  the  target  on  the 
nodding  phenomenon  Is  not  negligible.  Therefore  the  tests  of  your  system  should 
be  done,  In  my  opinion,  with  a common  transmlttlng-recelvlng  aerial.  Are  you 
planning  to  do  that? 

I agree  that  the  effect  of  the  finite  target  dimension  Is  not  negligible,  however, 
the  purpose  of  this  work  was  to  prove  the  basic  feasibility  of  the  technique,  not 
to  determine  the  maximum  accuracy  possible.  He  are  not,  at  this  time,  planning  to 
do  any  future  work  In  this  area.  When  additional  work  Is  undertaken  It  should  by 
all  means  use  a transmlttlng-recelvlng  aerial  as  you  have  Indicated. 

Pour  repondre  a la  question  de  notre  ami  Itallen,  nous  avons  en  France  conduit 
depuls  1968  un  nombre  slgnlflcatlf  d'experlences  sur  l'utlllsatlon  d'un  dlagramme 
pair  tres  analogue.  II  en  rjsulte 

a)  que  la  precision  angulaire  obtenue  est  de  l'ordre  de  un  dlxleme  de  l'e'cart 
clble- Image  pourvu  que  le  rapport  slgnal/brult  soit  slgnlf lcatlvement  super i eur 
a 20  dB,  ce  qul  est  le  cas  gene'ralement  au  moment  ou  on  a besoln  de  pre'clslon. 

b)  que  cecl,  qul  est  compatible  du  traltement  Doppler,  est  trls  superleur  a ce  que 
peut  donner  l'agllltl  de  frequence. 

c)  que  la  question  de  complexlte  de  1' equlpement  est  a slparer: 

- pour  le  traltement,  11  est  complexe  mals  peut  se  falre  en  digital. 

- pour  ce  qul  est  de  l'antenne,  cela  depend  si  on  utilise  une  antenne  spec la le 
supplemental™  ou  une  simple  modification  de  la  source  prlmalre. 

Thank  you  for  your  contribution. 
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RADAR  CROSS  SECTION  ANALYSIS  AND  TARGET  IMAGING  FROM  THE 
DOPPLER  INFORMATION  IN  THE  RADAR  ECHO 
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SUMMARY 


The  Doppler  frequency  spectrum  of  Che  radar  echo  from  a rotating  target  with  high  resolution  yields  the 
distribution  of  the  scattering  centers  in  a cross  range  direction.  The  relation  between  Doppler  spectra 
and  the  location  of  the  scattering  centers  on  a target  is  discussed  and  the  optimum  aspect  angle  window 
(integration  time)  that  yields  optimum  resolution  in  the  spectrum  is  given.  Some  experimental  results  show, 
that  Doppler  frequency  analysis  is  a useful  tool  in  the  analysis  of  the  scattering  properties  of  complicated 
targets. 

If  in  addition  the  phase  of  the  spectra  is  used,  a highly  resolved  isiage  of  the  target  can  be  construc- 
ted from  instantaneous  spectra  corresponding  to  different  aspect  angles.  In  ideal  cases  resolution  is  0.2 
wavelengths.  The  principle  of  target  imaging  from  Doppler  spectra  is  given  together  with  experimental  re- 
sults. 

1.  INTRODUCTION 

In  many  caaes  of  radar  cross  section  investigations  it  is  not  sufficient  to  know  only  the  radar  cross 
section  of  a target.  In  problems  of  glint  analysis,  comouflage  problems  or  in  the  synthesis  of  radar  cross 

sections  for  example  it  is  necessary  to  have  knowledge  about  the  location  and  the  magnitude  of  the  scatte- 

ring centers  on  the  target. 

With  short  pulse  radars  or  with  frequency  modulated  radars  it  is  possible  to  have  high  range  resolution 
so  that  scattering  centers  with  different  distance  from  the  radar  can  be  resolved.  Cross  range  resolution 
with  these  systems  is  only  possible  with  a resolution  corresponding  to  the  beamwidth  of  the  antenna. 

The  evaluation  of  the  Doppler  frequency  spectrum  of  the  radar  return  from  a rotating  target  in  contrast 
yields  cross  range  resolution  of  a few  wavelengths  being  independent  of  the  distance  between  radar  and 
target.  Doppler  frequency  analysis  thus  is  a comparatively  simple  means  for  getting  high  cross  range  reso- 
lution which  is  necessary  for  the  analysis  of  the  scattering  properties  of  targets. 

2.  THE  DOPPLER  FREQUENCY  SPECTRUM  OF  ROTATING  TARGETS 

In  order  to  see  the  connection  between  the  location  of  the  scattering  centers  on  a target  and  the  Doppler 
frequency  spectrum  of  its  radar  echo  let  us  look  at  a target  which  is  rotating  round  an  axis  with  constant 
angular  velocity  a and  which  is  illuminated  by  a CW-radar.  The  axis  of  rotation  for  simplicity  is  assumed 
to  be  perpendicular  to  the  line  of  sight.  We  furthermore  assume  for  a moment,  that  the  scattering  centers 
on  the  target  are  fixed  on  it  and  that  their  radar  cross  section  varies  only  slowly  with  aspect  angle. 

Each  of  these  scattering  centers  because  of  the  rotation  of  the  whole  target  rotates  round  the  consnon 
axis.  During  this  rotation  each  scattering  center  moves  towards  the  radar  and  back  again,  producing  an 
instantaneous  Doppler  shift  corresponding  to  its  velocity  in  the  direction  of  observation.  For  a single 
scattering  center  (Fig.  I)  this  velocity  is 

v(t)  ■ o ■ r • sina(t)  (I) 

where  r is  the  distance  of  the  scattering  center  Irom  the  axis  of  rotation,  a(t)  is  the  instantaneous 
angular  position  and  a is  the  angular  velocity  which  we  assumed  to  be  constant.  Thus,  the  instantaneous 
Doppler  shift  of  the  echo  from  this  scattering  center  is 

- 2 y.  ,»in°w  , (2) 

where  A is  the  wavelength  of  the  radar. 

The  instantaneous  Doppler  shift  of  the  radar  echo  from  a single  scattering  center  thus  with  a factor 
of  2a/A  is  proportional  to  r sina(t).  r sina(t)  however  is  the  component  in  the  cross  range  direction  of  the 
distance  of  the  scattering  center  from  the  axis  of  rotation  (Fig.  I).  The  instantaneous  Doppler  shift  thus 
is  proportional  to  the  instantaneous  distance  of  the  scattering  center  from  the  axis  of  rotation  in  a pro- 
jection of  the  target  into  the  direction  towards  the  radar.  This  is  valid  for  each  scattering  center,  so 
that  the  radar  echo  from  a target  with  several  scattering  centers  yislds  a Doppler  frequency  spectrum,  each 
line  of  which  is  given  by  (2)  with  radii  r “ r,  and  angles  a(t)  * a,(t)  for  the  i-th  scattering  center.  In 
Fig.  2 this  situation  is  sketched  for  a target  with  several  scattering  centers.  As  the  Doppler  shifts  are 
proportional  to  the  distance  of  the  respective  scattering  center  in  a cross  range  direction,  the  scaling 
factors  can  be  chosen  so,  that  the  Doppler  lines  can  be  looked  at  as  the  projections  of  the  scattering 
cantars  into  the  direction  towards  the  radar.  In  a more  detailed  analysis  (GRAF,  1972  and  1975)  it  was  shown, 
that  the  intensities  of  the  Doppler  lines  are  proportional  to  the  radar  cross  sections  0.  of  the  correspon- 
ding scattering  centers,  to  that  in  principle  from  the  instantaneous  Doppler  spectrum  thi  location  in  the 
cross  range  direction  and  the  individual  radar  cross  tactions  of  the  scattering  centers  can  be  found. 

In  an  experiment  of  course,  the  situation  becomes  much  more  complicated.  First  of  all  it  is  not  possible 
to  mature  a spectrum  of  instantaneous  Doppler  frequencies  with  high  resolution.  If  we  use  a short  time 


I 


window  At  for  Che  frequency  analysis,  because  of  the  diffraction  effects  at  the  window,  we  obtain  a Doppler 
line  of  the  well  known  shape  sin  2itf At/2itf At  which  is  the  wider  the  smaller  At  and  thus  the  better  our 
approximation  of  "instantaneous".  If,  on  the  other  hand,  we  use  a long  time  window,  the  diffraction  effects 
are  reduced,  now  however  we  have  no  longer  "instantaneous"  Doppler  frequencies,  in  contrast,  the  instantaneous 
Doppler  frequency  varies  in  the  time  window,  so  that  the  result  is  a wide  and  complicated  spectrum. 

In  the  following  we  shall  look  at  such  a spectrum,  though  it  may  be  structured,  as  a widened  Doppler 
line.  It  is  obvious,  that  between  the  two  extremes  mentioned,  there  must  be  an  optimum  time  window,  that 
yields  minimum  line  width  in  the  Doppler  spectrum.  From  an  approximation,  in  which  the  resulting  line  width 
is  put  equal  to  the  sum  of  the  widths  of  the  diffraction  effect  and  the  variation  of  the  instantaneous  Dopp- 
ler frequency  in  the  time  window  follows,  that  the  optimum  time  window  is  a function  of  the  location  on  the 
target  of  the  scattering  center  to  be  resolved,  of  the  aspect  angle  of  the  target  in  the  center  of  the  time 
window  and  on  the  weighting  function  to  be  used  in  the  time  window  (GRAF,  1976).  The  analysis  further  shows, 
that  the  critical  parameter  is  not  the  time  window  but  the  aspect  angle  window,  which  for  constant  angular 
velocity  a of  the  target  however  makes  no  difference. 

As  a result  of  such  an  approximation  Fig.  3,  for  a Taylor  weighting  function  with  60  dB  side  lobe  level 
in  its  Fourier  transform  (HANSEN,  1966),  shows  a plot  of  lines  of  constant  optimum  aspect  angle  windows  Aa 
in  the  r,a-plane  of  Fig.  1.  For  use  of  this  plot  the  target  is  put  on  this  plane  with  a given  orientation 
(aspect  angle)  relative  to  the  radar,  the  axis  of  rotation  being  perpendicular  to  the  plane  and  piercing  it 
at  r ■ 0.  If  now  the  scattering  centers  are  projected  parallel  to  the  axis  of  rotation  onto  this  r,a-plane, 
the  line  crossing  the  projection  of  each  scattering  center  gives  the  aspect  angle  window  for  optimum  reso- 
lution of  this  scattering  center  for  the  given  (medium)  aspect  angle  of  the  target.  Fig.  3 shows,  that  the 
lines  of  constant  optimum  aspect  angle  window  in  a wide  range  are  straight  lines,  perpendicular  to  the  di-  ' 
rection  of  observation.  This  means,  that  a given  aspect  angle  window  gives  best  resolution  for  all  scattering 
centers  with  equal  distance  before  or  behind  the  axis  of  rotation,  seen  from  the  radar.  The  choice  of  the 
aspect  angle  window  thus  results  in  a sort  of  focussing  at  the  corresponding  planes  before  and  behind  the 
axis  of  rotation. 


2.1.  Experimental  Results 

Fig.  4 shows  s block  diagram  of  an  experimental  setup,  we  use  for  the  measurement  and  on-line-evaluation 
of  Doppler  spectra  of  various  targets  for  radar  cross  section  analysis. 

The  transmitter  is  a stabilized  continuous  wave  source,  which  for  long  ranges  is  followed  by  a power 
amplifier.  The  antennas  are  horn  antennas  or  excentric  parabolas  depending  on  the  target  to  be  investigated. 
The  transmitter  illuminates  the  target,  which  is  rotating  with  constant  angular  velocity  a round  an  axis. 

The  axis  of  rotation  in  general  is  not  perpendicular  to  the  direction  of  observation  as  assumed  above.  This 
however  only  changes  the  above  scaling  factor  in  the  spectrum  by  a factor  of  1/sinB  where  B is  the  angle 
between  the  direction  of  observation  and  the  axis  of  rotation. 

In  the  receiver  the  radar  echo  from  the  target  is  coherently  downconverted  to  any  bias  frequency  be- 
tween zero  and  0.1  MHz.  This  bias  frequency  is  used  to  shift  the  whole  frequency  spectrum,  so  that  all  ne- 
gative Doppler  frequencies  appear  in  the  positive  frequency  region  so  that  foldover  of  the  negative  frequen- 
cies is  avoided. 

The  frequency  spectrum  of  the  receiver  output  is  analyzed  by  a spectrum  analyzer  and  displayed  on  a 
scope.  A television  camera  in  front  of  the  scope  feeds  the  image  of  the  spectrum  into  a TV- image  mixing 
unit.  The  other  input  of  this  unit  is  fed  by  an  optical  image  of  the  target,  taken  by  a second  TV-camera. 

At  the  output  of  the  TV-image  mixing  unit,  the  image  of  the  spectrum  and  the  optical  image  of  the  target 
appear  one  upon  the  other  and  are  displayed  simultaneously  on  a screen,  the  Doppler  lines  appearing  direct- 
ly under  the  corresponding  scattering  centers  on  the  target  when  the  appropriate  scaling  factors  for  the 
spectrum  and  the  opticil  image  respectively  have  been  chosen.  The  system  thus,  during  the  rotation  of  the 
target,  on  the  TV-screon  continuously  shows  the  image  of  the  target  together  with  the  location  of  the 
scattering  centers  on  it,  indicated  by  the  Doppler  lines. 

The  scaling  factor  for  the  spectrum  according  to  the  above  (Equ.  2)  only  depends  on  the  wavelength  of 
the  radar  and  the  angular  velocity  of  the  target.  Here  however,  when  we  compare  the  spectrum  with  the  opti- 
cal image  of  the  target,  we  also  have  to  take  into  account  the  scaling  factor  of  the  image. 

Due  to  the  integration  time  the  spectrum  is  delayed  compared  to  the  signal  input  and  compared  to  the 
optical  image.  As  we  have  to  superpose  the  spectrum  with  the  optical  image  corresponding  to  the  center  of 
the  integration  interval  or  aspect  angle  window  respectively,  we  have  to  delay  the  optical  image  by  a time 
interval  corresponding  to  half  the  integration  time.  This  can  be  done  by  a time  delay  chain  between  the 
TV  camera  and  the  TV  mixing  unit  or,  more  simply  by  a displacement  of  the  camera  from  the  radar  into  a 
position  that  yields  an  optical  image  the  radar  "saw"  half  the  integration  time  earlier. 

Figs.  3 and  6 show  two  examples.  These  images  were  taken  from  the  TV-screen  behind  the  TV  mixing  unit 
during  the  measurement  of  the  scattering  center  distribution  on  a model  of  a VX-101  vertical  take  off  air- 
craft. The  wavelength  for  these  measurements  was  3 centimeters,  the  overall  length  of  the  model  was  55  and 
its  wingspan  23  wavelengths.  The  airplane  for  these  measurements  was  lying  on  a styrofoam  column,  which  was 
rotating  round  a vertical  axis.  Fig.  5 shows  a broadside  view  of  the  aircraft.  This  is  a view  where  we  have 
only  few  discrete  scattering  centers.  The  Doppler  frequency  spectrum  shows  a broad  Doppler  "line"  along 
the  body  of  the  aircraft  corresponding  to  a long  scattering  center  on  the  body.  The  intensity  of  the  spec- 
trum goes  down  to  the  right  corresponding  to  the  fact  that  the  curvature  of  the  body  at  the  front  end  is 
thus,  that  there  is  no  longer  specular  reflection  into  the  direction  of  observation  and  due  to  the  fact  that 
the  radius  of  the  body  decreases.  The  small  maximum  before  the  nose  of  the  aircraft  corresponds  to  the  re- 
flection from  s pin  of  approximately  5 cm  length  at  the  nose  of  the  aircraft,  which  cannot  be  seen  on  the 
optical  image.  The  minima  in  the  spectrum  at  the  front  ends  and  the  rear  ends  of  the  engines  (which  sre 
located  at  the  very  ends  of  the  wings),  are  caused  by  phase  differences  between  the  reflections  from  the 
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engines  and  the  body. 

In  Fig.  6 there  are  a few  dominant  scattering  centers.  At  the  left,  the  specular  reflection  from  the 
nose  of  the  aircraft  gives  a Doppler  line  of  high  intensity,  in  the  center  the  reflections  from  the  front 
ends  of  the  engines  are  clearly  visible. 

The  Doppler  line  corresponding  to  the  right  engine  in  this  image 
the  corner  between  the  wing  of  the  aircraft  and  the  body.  This  can  be 
images  for  aspect  angles  some  what  closer  to  the  nose  of  the  aircraft 
at  the  right  of  Fig.  6 corresponds  to  the  scattering  from  the  tail  of 
is  located  at  the  corner  between  the  body  and  the  altitude  rudder  and 
rudder. 

The  aspect  angle  window  used  for  Figs.  5 and  6 was  0.6  radians. 

3.  IMAGING  WITH  DOPPLER  SPECTRA 

From  the  preceding  sections  we  known,  that  except  for  a scaling  factor  the  Doppler  spectra  of  the  ra- 
dar echo  can  be  looked  at  as  "projections"  of  the  scattering  centers  into  the  direction  of  observation.  If 
now  these  "projections"  for  several  aspect  angles  round  the  axis  of  rotation  are  known,  it  is  possible  to 
reconstruct  an  image  of  the  scattering  centers  from  the  spectra.  In  order  to  do  this  we  have  to  perform 
reserve  projections  from  the  spectra  into  the  direction  towards  the  target,  which  for  the  reconstruction  is 
replaced  by  an  image  plane.  According  to  their  respective  direction  of  observation  we  put  all  spectra  round 
the  image  plane  and  project  the  Doppler  lines  into  this  plane  where,  by  a computer,  we  add  the  intensities 
of  all  lines.  The  images  resulting  from  this  procedure  show  the  distribution  of  the  scattering  centers,  seen 
in  the  direction  of  the  axis  of  rotation. 

In  Fig.  7 the  projection  procedure  is  sketched  and  Fig.  8 gives  the  experimental  result  for  an  ideal 
target  which  consisted  of  three  cylinders,  positioned  in  various  distances  parallel  to  the  axis  of  rotation. 
Because  of  their  synmetry  only  the  axes  of  the  cylinders,  seen  in  the  direction  of  the  axis  of  rotation,  are 
imaged.  The  location  of  u(-  axis  of  rotation  in  Fig.  8 is  indicated  by  a cross. 

The  distances  of  the  three  cylinders  from  the  axis  of  rotation  were  0.6,  2.1  and  6.3  wavelengths  re- 
spectively. The  locations  of  the  axes  of  the  cylinders  in  this  image  are  clearly  visible  by  the  maxima  of 
intensity.  Resolution  is  in  the  order  of  one  wavelength.  Fig.  8 was  made  by  producing  in  the  image  plane 
a computer  plot  of  150  x 150  small  stars,  the  magnitude  of  which  was  proportional  to  the  intensity  of  the 
image.  This  plot  then  was  reduced  in  size  and  inverted  photographically  in  order  to  get  bright  spots  in 
the  image  at  the  places  of  high  intensity. 

For  the  image  of  Fig.  8 only  the  intensity  in  the  Doppler  spectra  was  used.  If,  instead  of  a simple 
spectral  analysis  of  the  signal,  we  use  a complex  Fourier  transform,  we  are  able  to  make  use  of  the  phases 
of  the  spectra  and  thus  increase  resolution  in  the  image  considerably. 

In  a detailed  analysis  (GRAF,  1972  and  1975)  of  the  radar  return  from  a rotating  target  and  its  Tcurier 
transform,  it  can  be  shown,  that  the  phase  of  a Doppler  line  corresponding  to  a given  scattering  -enter  is 
proportional  to  the  component  in  the  range  direction  of  the  distance  of  this  scattering  center  from  the 
axis  of  rotation,  the  proportionality  factors  and  constants  being  equal  for  all  aspect  angles.  It  therefore 
is  possible  to  change  the  phase  in  the  spectra  along  the  path  of  projection  into  the  image  plane  in  such  a 
way  that  the  spectral  lines  from  all  aspect  angles,  corresponding  to  the  same  scattering  center  at  the  loca- 
tion of  this  scattering  center  in  the  image  plane  have  the  same  phase.  The  phase  change  per  unit  length  in 
the  direction  of  projection  for  this  procedure  is  the  same  for  all  spectra  and  all  spectral  lines.  So  if  we 
perform  the  reconstruction  with  the  complex  spectra,  at  the  location  of  the  scattering  centers  we  have  an 
addition  of  the  amplitudes  of  the  spectral  lines,  all  with  the  same  phase,  whereas  in  the  environment  of  the 
scattering  center  the  phases  are  not  constant  for  different  aspect  angles,  so  that  there  in  general  we  have 
an  addition  of  int:nsities  only. 

The  use  of  the  phases  in  the  spectra  thus  gives  much  sharper  maxima  at  the  location  of  the  scattering 
centers.  For  a total  aspect  angle  range  of  360  degrees  e.g.  the  intensity  distribution  in  the  image  plane  at 
the  location  of  a point  scatterer  is  given  by  a Bessel  function  of  zero'th  order,  the  first  zeros  of  which 
have  a distance  of  0.2  wavelengths  from  the  maximum,  so  that  resolution  now  is  0.2  wavelengths.  In  contrast 
to  the  direct  Doppler  analysis  described  above,  where  there  existed  an  optimum  aspect  angle  window,  here  the 
approximation  of  the  Bessel  function  becomes  the  better,  the  smaller  the  individual  aspect  angle  ranges  are 
chosen,  in  which  the  Fourier  transforms  are  made.  That  is,  the  results  are  the  better  the  more  spectra  out 
of  the  total  aspect  angle  range  are  used. 

Fig.  9 shows  an  image  of  the  three  scattering  centers  of  Fig.  8,  now  with  higher  resolution,  due  to  the 
use  of  the  phases.  This  image  was  made  with  Doppler  spectra  out  of  32  individual  aspect  angle  windows,  into 
which  the  total  aspect  angle  of  360  degrees  was  subdivided.  Due  to  the  coarse  raster  of  image  points,  com- 
pared to  the  width  of  the  maximum  of  the  Bessel  function,  the  shape  of  the  Bessel  function  cannot  be  seen 
in  this  image.  The  scattering  centers  in  the  experiment  were  located  so,  that  in  the  it-ige  they  coincided 
with  a raster  point.  This  was  necessary  to  avoid  very  narrow  spacing  of  the  raster  and  thus  to  shorten  com- 
puter time. 


is  superposed  by  the  Doppler  line  of 
seen,  when  Fig.  6 is  compared  with 
(not  shown  here) . The  Doppler  line 
the  VX-IOI.  The  scattering  center  here 
at  the  front  edge  of  the  altitude 


If  the  total  aspect  angle  range  is  less  than  360  degrees,  the  image  points  of  the  scattering  centers 
become  ellipses  with  their  long  axes  in  the  direction  of  the  center  of  the  aspect  angle  range,  the  axes  be- 
coming the  longer,  the  smaller  the  total  aspect  angle  range  (GRAF  1975,  1972).  For  a total  aspect  angle 
range  of  90  degrees  for  example  the  length  of  the  axes  is  approximately  0.25  and  0.9  wavelengths. 

If  complex  targets  are  imaged,  most  of  the  scattering  centers  are  not  visible  over  the  entire  aspect 
augle  range  of  360  degrees,  so  that  resolution  for  the  individual  scattering  centers  depends  on  their  angle 
of  visibility.  As  on  such  targets  in  general  there  are  a lot  of  scattering  centers,  the  image  quality  is 
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further  deteriorated  due  to  the  superposition  of  the  sidelobes  of  the  images  of  the  scattering  centers  and 
due  to  their  motion  on  the  target.  The  image  quality  for  complex  targets,  the  dimensions  of  which  are  only 
a few  wavelengths,  therefore  is  not  very  good.  For  large  targets  however  better  image  quality  can  be  expected. 


4.  CONCLUSION 

While  ameliorations  are  necessary  in  the  details  of  the  imaging  process  of  radar  targets  with  a simple 
continuous  wave  radar,  the  direct  evaluation  of  Doppler  spectra  of  the  radar  echo  from  rotating  targets 
already  is  a comparatively  simple  and  useful  tool  for  the  analysis  of  the  scattering  behaviour  of  compli- 
cated targets. 
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Fig.  7:  Sketch  of  the  "projection”  process  for  target 
imaging  from  Doppler  spectra. 


Fig.  8:  Microwave  image  of  three  cylinders  made  from 
Doppler  spectra  (amplitude  only). 


Fig.  9:  Microwave  image  of  three  cylinders  made  from 
complex  Doppler  spectra. 
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DISCUSSION 


T should  just  like  to  make  a couple  of  remarks. 

Firstly,  I always  think  that  it  is  instructive  to  consider  the  doppler  cross-range 
analysis  as  a generalisation  of  the  synthetic-aperture  principle.  When  the  model 
rotation  is  large,  the  substantially  parabolic  phase-weighting  normally  used  in 
aperture  synthesis  has  to  be  properly  instrumented  as  a sinusoidal  phase  weighting, 
the  phase  and  amplitude  of  this  phase  function  being  determined  by  the  polar 
coordinates  of  the  scatterer  in  question  with  respect  to  the  centre  of  rotation. 

This  is  effectively  the  form  of  the  analysis  used  to  derive  the  last  figure  in  the 
paper,  and  it  removes  the  constraints  imposed  by  a limited  azimuth  window. 

Secondly,  I should  like  to  comment  on  the  usual  situation  met  in  practice  when  the 
scatterers  are  not  omni-directional.  Doppler  analysis  of  such  a scatterer  leads  to 
a position-error  ellipse  having  a long  major  axis  parallel  to  the  range  direction  at 
the  aspect  angle  when  it  was  seen  by  the  radar.  Examination  at  the  other  aspect 
angles  will  do  nothing  to  reduce  the  size  of  this  error  ellipse.  Consequently,  for 
real  targets,  a high  spatial  resolution  can  be  guaranteed  only  by  using  a radar 
having  a high  resolution  in  range  as  well  as  doppler. 

The  only  difference  between  data  evaluation  in  synthetic  aperture  systems  and  in 
doppler  analysis  is  that  the  correlation  process  is  replaced  by  a simple  Fourier 
transform,  and  the  use  of  the  Fourier  transform  introduces  the  limitations  in  aspect 
angle  windows.  The  uncertainty  ellipse  mentioned  cannot  be  avoided  in  the  data 
evaluation  according  to  the  principle  described  unless  range  resolution  is  used. 

This  however  must  not  necessarily  be  a fundamental  limitation,  maybe  that  with 
another  form  of  data  evaluation  the  ellipses  can  be  reduced  in  size. 

You  have  described  a method  by  which  the  location  and  magnitude  of  the  individual 
scattering  centres  of  a complicated  target  can  be  identified.  It  should  therefore 
be  possible  to  compute  the  radar  cross  section  of  a complicated  target,  and  indeed 
to  do  this  in  a multi-path  environment  (such  as  the  sea)  taking  into  account  the 
rms  specular  reflection  coefficient  of  the  sea. 

The  energy  content  of  each  doppler  line  is  proportional  to  the  radar  cross-section 
of  the  corresponding  scattering  centre.  So,  by  evaluating  the  energy  content  of 
the  doppler  lines  and  by  comparing  it  with  the  energy  in  a doppler  line  measured 
with  a cal. brat  ion  sphere,  the  radar  cross  sections  of  the  individual  scattering 
centres  on  a target  can  be  measured  - if  wanted  as  a function  of  aspect  angle. 

These  values  car.  then,  of  course,  be  compared  with  values  one  would  expect  theoret- 
ically. At  the  moment  however  I have  no  quantitative  values  for  such  a comparison. 

Can  the  technique  described  for  measuring  an  aircraft  also  be  applied  to  measure 
ships?  If  so,  how  can  the  water  surface  be  simulated? 

Yes,  the  technique  is  applicable  to  all  types  of  target  For  smooth  water  the  surface 
could  be  simulated  by  a metal  plate;  rough  seas  could  possibly  be  simulated  by  an 
aluminium  foil  or  in  a water  tank.  As  the  speed  of  rotation  of  the  target  can  be 
very  slow,  in  some  cases  it  might  even  be  possible  to  measure  full  scale  targets  in 
the  sea. 


RADAR  A FAISCEAU  LATERAL  UTILISANT  UNE 
ANTENNE  SYNTHETIQUE 
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RESUME 


Le  radar  3 faisceau  lateral,  3 artenne  synthetique,  permet  d'obtenir  une  image 
de  tr£s  grande  resolution  des  terrains  survol£s  par  un  avion. 

La  resolution  en  distance  radar,  suivant  la  direction  perpendiculaire  3 la  route 
de  l'avion,  est  obtenue  avec  une  emission-reception  3 impulsions  trds  fines, 
realisee  avec  la  technique  de  compression  d' impulsion. 

La  resolution  longitudinale,  suivant  la  route  de  l'avion  est  obtenue  par 
traitement  du  signal  Doppler. 

Deux  categories  de  traitement  ont  6ti  experiment6es  : 

- Traitement  par  simple  filtrage  qui  conduit  3 une  resolution  theorique  de  la 
forme  : 


A : Longueur  d'onde 

d„  : Distance  de  la  cible. 
o 

et  3 la  notion  d' antenne  synthetique  non- focal is6e. 

- Traitement  par  correlation  qui  conduit  3 une  resolution  theorique  de  la 
forme  : ^ 

L : Dimension  de  l'aerien. 

et  3 la  notion  d'antenne  synthetique  focalisee. 

Differents  resultats  experimentaux  sont  pr6sentes  pour  chacun  des  procedes  en 
analysant  les  avantages  et  inconvenients. 

- IVrRODUCTION 

Le  radar  aeroporte  3 faisceau  lateral  3 antenne  synthetique  permet  d'obtenir, 
par  tous  temps,  une  carte  de  definition  suffisante  pour  identifier  les  details 
topographiques  naturels  ou  artificiels  de  la  region  survoiee,  et  pour  faire 
apparattre,  entre  deux  vols  successifs,  les  modifications  6ventuelles  de  la 
configuration  de  la  z8ne  surveiliee. 

La  resolution  transversale,  suivant  la  distance  radar  perpendiculaire  3 la 
route  avion,  depend  du  spectre  emis. 


La  resolution  longitudinale,  suivant  la  route  avion,  obtenue  par  traitement  du 
signal  Doppler  est  bien  meilleure  que  la  resolution  naturelle  due  au  faisceau 
de  l'antenne,  definie  par  : 


X : Longueur  d'onde 

L : Dimension  de  l'aerien 

d„  : Distance  de  la  cible 
o 

Differents  traitements  du  signal  peuvent  etre  envisages  que  l'on  peut  classer  en 
deux  categories  : 

- Traitements  par  filtrage  simple  du  signal  qui  conduit  a une  resolution 


et  3 la  notion  d’antenne  synth6tique  non  focalisee, 

- Traitement  par  filtre  adapte  ou  par  correlation  qui  conduit  3 une  resolution 

L 

7 

independante  de  la  distance  et  9 la  notion  d'antenne  synthetique  focalisee. 

La  planche  1 donne,  pour  une  dimension  d’antenne,  les  resolutions  th6oriques 
comparees  pour  quelques  exemples  de  distance. 

THOMSON-CSF  a experimente  differents  types  de  traitement,  mais  seuls  les 
r6sultats  obtenus  avec  le  traitement  par  filtres  eiectriques  ou  par  correlation 
optique  retiendront  notre  attention  au  cours  de  cette  conference. 

Les  cartes  radar  ne  figurent  pas  dans  les  planches  de  ce  document,  elles  seront 
projetees  en  cours  de  conference. 


- RAPPEL  DE  LA  GEOMETRIE  DU  SYSTEME 

La  representation  de  la  geometric  du  radar  9 faisceau  lateral  est  donnee  planche  2. 
Le  faisceau  d'antenne  est  oriente  perpendiculairement  9 la  route  avion.  Pendant 
la  travers6e  du  faisceau,  la  distance  avion-cible  varie  et  passe  par  un  minimum  dQ 
quand  la  cible  est  vue  par  le  travers  de  1 'avion. 

A cette  variation  de  distance  est  li6e  une  variation  de  phase,  mise  en  Evidence 
par  1 'utilisation  d'un  radar  coherent  qui  conserve  la  reference  de  la  phase  de 
l'onde  6mise. 


En  prenant  comne  origine,  1' instant  oO  l'avion  passe  par  le  travers  de  la  cible, 
on  peut  Gcrire  : 


d 


. V2t2 
2 do 


car  le  dfiplacement  de  l'avion  est  li6  9 sa  vitesse  par  la  relation  X - Vt. 


La  phase  du  signal  rSfiechi  coraparfie  a la  phase  du  signal  Smis,  conservte  en 
memoire,  s'Scrit  : 


* - - r1  do + w-  v2 12  -0o  ♦ kt2 

o 

A la  variation  quadratique  de  la  phase  est  liSe  une  variation  linSaire  de  la 
frequence  Doppler  dSfinie  par  la  relation  : 


f . 1 d a 

fd  TT 


Kt 


La  detection  synchrone  met  en  evidence  un  signal  radar  de  la  forme  : 
(t)  = S cos  ,0  * S cos  (0Q  + kt^) 


La  dur6e  de  ce  signal  est  limitSe  au  temps  de  traversfie  de  la  cible  dans  le  faisceau 
2 

T - 0 0 * 

To V — 


avec  2 eQ  : ouverture  angulaire  du  faisceau  d'antenne. 

Les  Equations  prScedentes  dSfinissent  le  signal  radar  d'une  cible  ponctuelle, 
en  supposant  que  le  systdme  global,  (radar  et  traitement)  est  linSaire,  on  peut 
par  superposition  appliquer  les  rSsultats  a une  cible  rSelle  cornplexe. 


3 - TRAITEMENT  PAR  FILTRAGE  PASSE  BAS 


Principe 

Avec  ce  type  de  traitement,  seule  est  conserv^e  la  partie  du  signal  contenant 
les  frequences  Doppler  trSs  basses  (planche  3).  Dans  ces  conditions,  la 
cible  n'est  visual isSe  qu'un  court  instant  quand  elle  se  pr6sente  par  le 
travers  de  1’ avion. 

L'affinage  obtenu  est  limits  a une  valeur  telle  que  l'enveloppe  du  signal  se 
rSduit  a un  spectre  dont  la  largeur  Sgale  celle  du  filtre  passe  bas. 

La  valeur  optimum  de  la  constante  de  temps  du  filtre  qui  donne  le  meilleur 
contraste  du  signal  aprSs  traitement  est  Sgale  a : 

Par  rapport  a la  resolution  naturelle  £ dQ  due  a 1' ouverture  du  faisceau 
d'antenne,  le  taux  d'affinage  du  traitement  par  filtre  passe  bas  est  : * 


La  largeur  de  I'Scho  affine  Stant  : 


Le  radar  utilise  un  Smetteur  a magnetron  dont  la  durSe  d' impulsion  conduit  a une 
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resolution  transversale  homogdne  avec  la  resolution  longitudinale. 

La  phase  du  signal  emis  est  mise  en  memoire  dans  un  oscillateur  coherent  FI, 
synchronise  par  1' impulsion  magnetron  aprfcs  transposition  en  FI. 

Apr£s  detection  coherente,  les  signaux  re^us  sont  inscrits  dans  un  banc  de 
filtres  permettant  de  traiter  autant  de  signaux  Sj^  (t)  qu'il  y a de  quanta 
de  distance  3 obtenir  pour  la  resolution  transversale  recherchee  dans  le 
domaine  de  terrain  9 visual iser. 

A chaque  recurrence  radar,  un  conmutateur  adresse,  success ivement  dans  le  temps, 
les  signaux  vers  le  filtre  correspondant  au  quantum  de  distance  a traiter. 

Aprds  filtrage,  un  commutateur  de  lecture  permet  d'envoyer  la  "video  affinee"  vers 
un  systdme  de  representation  constitue  d'un  indicateur  et  d'un  systcme  photograph ique 
associe. 

Resultats 

Presentation  de  quelques  cartes  radar. 


4 - TRAITEMENT  PAR  CORRELATION  OPTIQUL 
Principe 

Le  signal  Sj^  (t)  est  inscrit  en  transparence  sur  un  film.  On  a pris  soin  de 
superposer  a (t)  une  composante  moyenne  SQ  telle  que  l'on  puisse  inscrire 
Sp  (t)  avec  son  signe  (planche  S). 

Cette  inscription  obtenue  au  moyen  d'un  tube  cathodique  devant  lequel  se  deplace 
un  film  3 vitesse  constante  transforme  la  fonction  temporelle  (t)  en  fonction 
spatiale  (X)  avec  X « Vt  (au  facteur  d'echelle  pr£s). 

Platons  ce  film  sur  le  chemin  optique  d'une  onde  plane  (Planche  6). 


Si  Eq  cos  wt  est  le  champ  incident  tombant  sur  le  film,  le  champ  transmis  aura 
une  repartition  suivant  X telle  que  : 


S (X) 


u : est  la  pulsation  de  la  lunidre  incidente 


cos  wt 
u * 2n  fL 


est  egal  a : 


2 n 


La  fonction  S (X)  est  Squivalente  a trois  ondes  : 
E 

- Une  onde  plane  a : — cos  wt 
2 

-Une  onde  spherique  convergente,  de  centre  02,  6 


— cos  |«t  ♦ k^X2  ♦ 0o  j 


- Une  onde  sph6rique  divergente,  de  centre  01 , y : — cos  wt  - k-X2  - 0 

4 L 1 0 

Le  facteur  d'6chelle  w etant  connu,  on  trouve  alors  pour  00^  et  00^  la  valeur 
comnune  : 

F ■ °°1  ■ 002  - “2  rL  T 

La  decomposition  optique  ainsi  obtenue  est  1 i£e  3 l'axe  de  symetrie  de  la  fonction 
(X)  inscrite,  done  a la  position  du  film  le  long  de  X. 

Une  fente  trds  fine  F fixe,  plac£e  en  02,  recevra  un  flux  lumineux  important. 

Un  film  de  sortie  plac#  derriSre  cette  fente  inscrira  un  signal  comprim6  quand 
l'axe  de  symetrie  de  la  fonction  passera  par  la  fente  F. 

Pour  obtenir  une  representation  conforme  des  echos  enregistres,  il  suffit  de 
faire  defiler  le  film  de  sortie  en  synchronisme  avec  le  film  sur  lequel  la  fonction 
Sjj  (X)  est  inscrite. 

Ce  signal  comprime  a une  dimension  egale  3 la  dimension  de  l'antenne  portee  par 
l'avion  au  facteur  d'echelle  u pr3s. 

La  fonction  ainsi  obtenue  est  la  fonction  de  correlation  de  (X)  |p lane he  7j  . 

Pour  obtenir  une  bonne  dynamique,  il  faut  eiiminer  la  composante  divergente 
parasite  (onde  >).  Ceci  est  realise  en  ajoutant  une  porteuse  au  signal  Doppler 
enregistre. 

Comne  on  le  montre  planche  8,  cette  porteuse  con f? re  au  systdme  en  effet  pris- 
matique  et  permet  ainsi  de  recueillir  la  composante  utile  (onde  8)  derridre  une 
fente  disposee  en  dehors  des  faisceaux  des  ondes  parasites. 

Tous  les  resultats  precedents  peuvent  se  retrouver  en  utilisant  les  phenorndnes 
de  diffraction  qui  font  appel  aux  transformations  de  FOURIFR. 

Synoj t ique  _£planche_9] 

Pour  obtenir  une  resolution  transversale  homogene  3 la  resolution  longitudinale, 
le  radar  utilise  une  emission-reception  d' impulsion  trds  fine  avec  la  technique 
de  compression  d' impulsions. 

Aprds  detection  cohCrente,  les  signaux  Doppler  sont  envoyes  3 un  systfme 
d'enregistrement  photographique  corprcnjint  : 

- un  indicateur,  equipe  d'un  tube  cathodique  flying-spot,  module  en  limiere  et 
balaye  suivant  une  seule  dimension  : en  distance  radar, 

- un  object  if, 

- une  camera  qui  fait  defiler  un  film  dans  le  plan  image  de  la  face  avant  de 

1 ' indicateur,  perpendiculairement  3 la  trace  et  3 une  vitesse  proport ionnelle 
3 celle  de  l'avion. 

La  <*ialite  du  traitement  par  correlation  nCcessite  que  la  loi  Doppler  des  signaux 
enregistrfs  soit  aussi  proche  que  possible  de  la  loi  de  reference  cos  (0Q  + kt2). 
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Cette  loi  id£ale  est  obtenue  en  cons ide rant  que  1 'avion  porteur,  dfcrit  une 
trajectoire  rectiligne  horizontale  d'un  mouvement  uniforme. 


Tout  fcart  par  rapport  a cette  trajectoire  idfale,  introduit  sur  les  signaux  requs 
des  variations  de  phase  parasites  qui  doivent  ctre  compensees  en  reception.  Ceci 
est  realise  en  effectuant,  sur  l'onde  de  rf ffrence  du  d£tecteur  coherent,  des  cor- 
rections de  phase  proport ionnel les  aux  hearts  de  1 'avion  par  rapport  S la  trajectoire 
id£ale. 

Le  film  des  informations  Doppler,  enregistrf  en  vol,  est  d6velopp6  au  sol,  puis 
analyst  dans  le  corr61ateur  optique. 

Le  film  de  sortie  du  correiateur  donne  la  carte  radar  exploitable. 

Des  photographies  des  di ffCrents  ClCments  du  radar  sont  pr6sent6es  au  cours  de 
la  conference. 

R£sultats 

Presentation  de  quelques  cartes  radar. 

CONCLUSION 

Les  experimentations  effectuees  avec  l'affinage  par  filtre  ou  par  correlation  ont 
permis  de  s'approcher  des  limites  theoriques  des  resolutions. 

D'autres  types  de  traitement  ont  egalement  6t6  essayds  mais  prdsentent  des  incon- 
venients  divers,  tels  que  l'affinage  par  spot  et  le  filtre  adaptC  associe  9 une 
mise  en  memoire  des  informations  Doppler  sur  un  tube  3 memoire. 

Grace  aux  progrds  technologiques,  d'autres  orientations  sont  desormais  possibles, 
coimie  la  correlation  eiectronique  numerique  qui  permet  l'obtention  des  cartes 
radar  en  vol,  pratiquement  en  temps  reel. 

Nous  terminons  en  remerciant  le  Service  Technique  des  Telecommunications  de  l'Air 
qui  a finance  ces  diffCrentes  etudes  et  autorise  cette  presentation  de  resultats. 

Nous  rerercions  egalement  le  Centre  d'Essais  en  Vol  de  Bretigny  qui  a realise 
l'experimentation  de  nos  matCriels. 


TRAITEMENT  OPTIQUE  DE  LA  FONCTION  SR  (X) 


Point  de  vue  do  I'optique  gOomitrique 


Echo  Dopplar  inter rt  on  transparence  tur  lo  film 

S0  + SR  (X)  = 1.  [l  + cos  (k,XJ  + f 0)1 
2 
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-TRAITEMENT  DE  LA  FONCTION  S R (X) 
INTRODUCTION  D'UNE  PORTEUSE 


Distance  focal*  F 


Echo  Doppler  inscrit  en  transparence  sur  le  film 
SQ  + Sr  (X)  = -1  [l  ( cos  <k,X!  + k2X  + #„>] 
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SUMMARY 


This  paper  describes  the  main  constituents  of  a largely  automatic  radar  track-while-scan  system. 

It  is  shown  to  contain  a plot  extractor,  clutter  map,  stationary  plot  filter  and  automatic  tracking  software. 
The  system  is  designed  to  operate  in  high  false  alarm  conditions  without  formation  of  false  tracks. 

The  clutter  map  is  used  to  select  the  optimum  video  for  processes  by  the  plot  extractor,  which  is  of 
fairly  conventional  design  using  cell-averaging  CFAR  and  single  level  quantisation.  The  plot  extractor  out- 
put has  the  majority  of  land  clutter  removed  by  the  stationary  plot  filter  and  remaining  plots  are  used  in 
the  formation  and  updating  of  tracks. 

The  track  updating  algorithms  are  based  on  adaptive  Kalman  filters  with  various  arithmetic  simplifica- 
tions for  efficient  computer  processing.  The  automatic  track  initiation  adapts  to  suit  observed  local  false 
alarm  conditions  in  order  to  hold  false  track  generation  at  an  acceptable  level. 

1.  INTRODUCTION 

1.1  Modem  radar  data  handling  systems  are  required  to  provide  accurate  tracks  on  all  air  targets  within 
the  surveyed  space.  The  data  processing  system  has  to  examine  the  radar  data  in  order  to  identify  returns 
from  genuine  targets  as  early  as  possible  whilst  rejecting  all  false  responses.  In  the  past,  all  of  the  data 
processing  was  manual,  being  carried  out  using  P.P.Is,  men  and  grease  pencils.  However,  this  had  limitations 
due  to  operator  fatigue,  easy  operator  saturation  and  problems  where  fast  response  is  required.  As  a con- 
sequence there  has  been  a widespread  interest  in  automating  the  track  extraction  function.  There  have  been 
no  major  problems  in  benign  (ie  clutter  free)  environments,  but  these  systems  have  foundered  in  conditions 

of  clutter  or  interference,  due  to  the  generation  of  false  tracks  and  the  resulting  system  saturation. 

1.2  The  obvious  solution  to  the  clutter  problem  is  to  use  moving  target  indication  (WTI),  but  this  intro- 
duces a processing  loss  where  it  is  used  unnecessarily,  and  some  operating  conditions  can  obviate  its  use 
altogether.  As  a result,  it  is  appropriate  to  use  a clutter  sensing  device  to  switch  in  the  MTI  only  where 
it  is  needed.  The  resulting  optimised  video  is  then  fed  into  a plot  extractor  whose  function  is  to  identify 
those  groups  of  returns  having  the  characteristics  of  target  returns  (Fig  1).  The  plot  extractor  uses  a 
more  or  less  conventional  cell -averaging  constant  false  alarm  rate  (CFAR)  processor  followed  by  integration 
of  single  level  quantised  video.  Although  more  sophisticated  processors  are  available,  none  of  them  offer 
ideal  performance,  and  the  subsequent  processing  has  to  be  tolerant  of  this  non-ideal  behaviour.  As  a 
result,  simplicity  is  opted  for. 

1.3  The  data  from  the  plot  extractor  is  fed  to  a stationary  plot  filter,  whose  function,  as  the  name 
suggests,  is  to  remove  returns  from  stationary  sources  - that  is,  land  clutter.  Such  a filter  is  necessary 
since  it  is  an  efficient  way  of  removing  the  bulk  of  radar  detections  and  thus  prevents  the  rest  of  the 
processing  chain  from  being  saturated.  Any  plots  which  are  not  cancelled  by  the  stationary  plot  filter  are 
fed  on  to  the  autotracking  software.  Any  plots  which  are  not  recognised  as  belonging  to  known  tracks  are 
available  for  the  formation  of  new  tracks  and  are  also  used  to  create  new  entries  in  the  stationary  plot 
filter.  This  arrangement  introduces  the  need  for  feedback  from  tracking  to  stationary  plot  filtering,  but 
it  represents  the  best  way  of  preventing  the  filter  from  cancelling  returns  from  tracks  which  slow  down 

(eg  helicopters)  or  from  tracks  which  are  always  moving  relatively  slowly  (eg  ships). 

The  tracking  subsystem  itself  breaks  down  into  several  stages  - plot  to  track  association,  track 
updating,  and  track  initiation. 

1.4  Plot  to  track  association  is  the  process  of  comparing  the  incoming  plots  with  known  tracks  and 
deciding  on  the  correct  pairings.  Once  a pairing  is  made,  the  appropriate  track  can  be  updated,  using  the 
new  plot  information  to  refine  the  track  estimates  of  position  and  velocity.  The  track  updating  process  has 
to  smooth  out  the  effects  of  measurement  inaccuracies  whilst  at  the  same  time  having  a good  response  to 
manoeuvres.  Various  tracking  algorithms  were  studied,  principally  variations  of  the  Kalman  filter  and  aB 
filter.  For  the  particular  application,  an  ad  filter  was  used  although  with  certain  other  types  ot  mixes  of 
radars,  a Kalman  filter  would  have  been  more  appropriate. 

1.5  Any  plots  which  remain  after  the  above  processes  are  treated  as  possible  new  tracks.  Such  plots  are 
used  to  form  tentative  tracks  for  which  the  probability  of  track  validity  is  continually  computed,  the  tracks 
eventually  being  either  confirmed  as  genuine  or  erased  as  false  on  the  basis  of  the  computed  probability  of 
validity.  The  probability  is  corputed  as  a function  of  its  previous  value  for  that  track  and  the  local 
detection  and  track  environment.  In  this  way,  tracks  which  are  formed  in  clear  areas  are  confirmed  quickly 
whereas  tracks  formed  in  confused  areas  are  confirmed  slowly  - if  at  all.  In  this  way  any  imperfections  in 
the  earlier  constant  false  alarm  processing  are  allowed  for  by  a process  which  atteaqjts  to  maintain  a con- 
stant false  alarm  rate  at  the  track  level. 
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1.6  The  main  constituents  of  the  data  processing  system  are  discussed  in  more  detail  in  the  following 
sections  of  this  paper. 

At  this  point  it  must  be  made  clear  that  it  does  not  normally  pay  to  try  to  optimise  any  one  of  the 
processes  in  isolation.  For  example,  a superb  track  updating  process  is  of  limited  value  if  it  is  overloaded 
by  handling  rubbish  from  a poor  plot-to-track  association  or  track  initiation  algorithm.  Similarly,  since 
no  radar  false  alarm  control  is  ever  going  to  be  perfect,  processes  such  as  those  described  are  clearly 
necessary.  The  fact  that  they  have  to  be  implemented  gives  some  clues  as  to  how  much  it  is  worth  spending 
on  the  radar  false  alarm  control. 

2.  PLOT  EXTRACTION 

2.1  The  first  radar  data  processing  step  shown  on  Fig  1 is  plot  extraction.  The  plot  extractor  analyses 
the  optimised  stream  of  radar  video  and  identifies  those  groups  of  returns  having  target-like  characteristics. 
In  doing  this  the  plot  extractor  is  required  to  reject  all  other  returns,  namely  noise,  clutter  and  interfer- 
ence. The  main  elements  are  shown  in  Fig  2. 

2.2  Given  the  presence  of  the  environment  map  with  its  action  of  switching  the  MTI  in  over  cluttered 
regions,  one  might  expect  the  plot  extractor  to  be  extremely  simple.  This  would  appear  to  follow  from  the 
dual  action  of  the  environment  map's  sensing  of  clutter  conditions  for: 

(a)  switching  the  MTI  in  over  clutter,  and 

(b ) controlling  the  plot  extractor  threshold  as  an  area  MTI  function  when  (a)  is  not  permitted. 

However,  in  a real  world  there  are  inevitably  residues  from  clutter  and  interference,  and  any  false  alarms 

arising  from  these  residues  could  cause  saturation  of  the  data  processing  system.  In  such  conditions,  genuine 

returns  are  lost  in  a sea  of  spuria  and  may  therefore  be  missed.  Thus  a balance  has  to  be  struck  between 

missing  detections  and  suffering  false  alarms.  This  introduces  the  requirement  for  a constant  False  Alarm 
Rate  (CFAR)  processor  as  the  first  element  of  the  plot  excractor.  Various  CFAR  processor  designs  are  avail- 
able (eg  Gregers  Hansen,  V,  197J  and  Trunk,  G V,  1974).  None  of  the  devices  available  is  perfect  and  for 

the  reasons  indicated  in  the  introduction,  the  simplest  CFAR  (the  background  averager)  was  selected.  Fig  3 
shows  the  principles  of  the  background  averager.  It  works  by  taking  samples  of  the  background  (in  range) 
with  respect  to  any  radar  cell  and  subtracts  this  from  the  current  video  signal.  In  this  way,  one  in  effect 
has  a threshold  which  floats  on  top  of  the  observed  background  thereby  holding  a reasonably  constant  false 
alarm  rate  against  changes  in  noise  level  or  clutter.  As  mentioned  earlier,  this  device  is  imperfect  in 
that  it  will  not  hold  a constant  false  alarm  rate  under  all  conditions.  However,  no  other  CFAR  is  perfect 
and  thus  some  later  processing  is  required  to  allow  for  this  in  any  case,  meaning  that  simplicity  is  appro- 
priate here. 

2.3  Somewhat  similar  remarks  can  be  applied  to  the  processing  following  the  CFAR.  All  plot  extractors 

do  some  form  of  video  integration,  matched  to  the  characteristics  of  the  radar  beam.  This  can  vary  from  a 

beam  shape  recognition  technique,  a two-pole  filter  whose  characteristic  output  matches  beam  shape 
(Cantrell,  B H,  1973)  to  the  well  known  m/n  detector  (Swerling,  P,  1952).  Since  beam  shape  recognition  has 
problems  with  fluctuating  targets  and  because  of  the  insensitivity  of  single  level  quantised  systems  (such 
as  m/n)  to  spiky  interference,  an  m/n  detector  was  originally  selected. 

2.4  The  m/n  detector  was  selected  in  preference  to  other  single  level  quantised  detectors  because  of  a 
requirement  to  store  one  beamwidth  of  video  'hits'  in  order  to  investigate  detection  for  fast  targets,  ie 
where  there  is  significant  motion  during  the  beam  dwell  time.  In  a development  system,  the  intention  is  to 
use  a staircase  integration  of  the  form  described  by  Marcoz  and  Galati , 1972.  Analysis  shows  this  technique 
to  be  slightly  more  efficient  than  m/n  (both  in  performance  and  hardware),  whilst  retaining  the  insensitivity 
of  single  level  quantisation  to  spikes  and  corrupted  beam  shapes.  Fig  4 shows  a possible  transition  diagram 
for  such  a detector,  optimised  for  a radar  having  8 pulses/beamwidth. 

3.  TRACK  UPDATING 

3.1  The  track  updating  algorithm  is  needed  to  smooth  the  incoming  plot  data  in  order  to  give  accurate, 
reliable  estimates  of  track  position,  speed  and  heading.  The  smoothing  process  has  traditionally  been  based 
upon  the  well  known  aB  equations  (Fig  5).  Typically,  the  equations  are  applied  independently  in  the 
co-ordinates  used.  When  straight  tracks  are  considered,  a and  8 can  be  controlled  to  give  least  squares 
smoothing  (Marks,  B L,  1961  and  Simpson,  H R,  1962)  using  the  following  equations: 

“ ■ nfsTTp-  • 6 ‘ Hisviy  * 11  belng  the  Plot  "UBlber- 

This  is  satisfactory  for  straight  tracks,  but  since  smoothing  gets  heavier  with  time  (a  and  B get  smaller), 
manoeuvre  response  deteriorates  with  time.  Hence  some  modifications  are  needed  to  give  adequate  manoeuvre 
following  characteristics.  Various  manoeuvre  handling  methods  may  be  developed  and  it  is  convenient  to 
derive  these  from  adaptation  of  a Kalman  filter. 

The  Kalman  filter  equations  may  be  summarised  in  words  as  follows: 

find  forecast  position  and  velocity  of  track; 
find  its  uncertainty; 

use  uncertainty  of  forecast  and  measurement  to  calculate  filter  gain; 

find  smoothed  position  and  velocity; 

find  uncertainty  In  smoothed  position  and  velocity. 

It  is  notable  that  the  aB  equations  represent  a degenerate  Kalman  filter.  Indeed,  the  sequence  of 
gains  (ie  values  of  a and  B)  from  the  least  squares  aB  filter  are  identical  to  those  from  a Kalman  filter  for 
constant  accuracy  and  constant  data  rate  with  tracking  in  a single  co-ordinate  (Quigley,  A L C,  1971,  1972, 


1975).  The  Kalman  filter  has  advantages  In  that  it  is  general,  ie  it  does  not  assume  constant  accuracy,  data 
rate  etc  and  it  allows  for  the  kind  of  measurement  to  vary  (eg  a conventional  and  a doppler  radar  both  pro- 
viding measurements  to  a track).  However,  this  generality  of  the  Kalman  filter  comes  at  a price  - it  has  a 
high  computer  load  compared  with  the  a8  filter.  Thus  the  generality  of  the  Kalman  filter  makes  it  a useful 
tool  for  developing  the  manoeuvre  response  mechanism,  this  being  followed  by  a study  of  ways  of  reducing  the 
computer  burden. 

3.2  Adapting  a Kalman  Filter 

Perhaps  the  most  straightforward  way  of  producing  a Kalman  filter  for  tracking  is  to  assume  that 
targets  basically  travel  in  straight  lines  but  are  subject  to  random  accelerations  which  slowly  die  away. 

This  approach  has  been  followed  by  Singer,  1970.  Although  this  filter  sets  out  to  fairly  accurately  repres- 
ent the  real  situation,  it  tends  to  offer  insufficient  smoothing  when  used  with  conventional  surveillance 
radars . 


An  alternative  is  to  assume  that  targets  undergo  random  accelerations,  but  that  these  accelerations 
are  normally  minimal.  As  far  as  the  filter  is  concerned,  the  effect  of  these  manoeuvres  is  to  degrade  the 
accuracy  of  track  forecasts.  Since  the  accuracy  of  forecasts  is  used  by  the  filter  to  control  filter  gain, 
it  is  seen  that  control  of  the  term  which  describes  the  effects  of  manoeuvre  errors  will  in  turn  cause  the 
filter  to  adapt  its  response.  In  particular,  the  filter  gain  may  be  shown  to  be  of  the  form: 

uncertainty  of  forecast  

®aln  ” uncertainty  of  forecast  ♦ uncertainty  of  measurement 

If  the  forecast  uncertainty  is  increased  (to  allow  for  a manoeuvre),  the  filter  gain  is  driven  towards  unity, 
ie  a and  B rise  towards  1,  thereby  relaxing  the  damping  and  improving  manoeuvre  response.  One  way  of  opera- 
ting the  filter  is  to  continually  monitor  the  track  quality  in  terms  of  observed  error  between  measured  and 
forecast  positions,  and  use  this  to  control  the  manoeuvre  error  term  in  such  a way  as  to  maximise  the  observed 
quality.  A simplification  to  this  is  to  assume  zero  manoeuvre  and  continually  monitor  the  tracking  error, 
declaring  the  track  to  have  turned  when  the  error  is  significant.  Whilst  the  track  is  deemed  to  be  turning, 
the  manoeuvre  error  term  is  applied,  meaning  that  damping  is  relaxed  in  a controlled  way,  and  dashing  is 
applied  as  heavily  as  justifiable  in  the  absence  of  manoeuvres. 

In  tests,  there  was  no  significant  difference  between  the  results  of  the  three  methods.  It  has  to  be 
stressed,  however,  that  this  was  for  surveillance  radars  - the  result  might  not  be  the  same  for  high  data 
rate  tracker  radars.  The  next  stage  in  development  is  then  to  find  a suitable  adaptation  of  the  algorithm 
for  efficient  implementation  in  a conqjuter.  The  standard  approach  is  based  upon  the  reduced  Kalman  filter, 
in  which  all  unnecessary  terms  and  calculations  are  eliminated.  This  can  be  tricky  in  terms  of  selecting 
the  appropriate  co-ordinate  system  to  use  and  requires  careful  programming  to  avoid  some  computational 
problems. 

3.3  Approximation  by  aB  Filter 

An  alternative  is  to  modify  the  aB equations  to  have  the  same  effect  (Quigley,  A L C,  and  Holmes,  J E, 

197S). 

It  can  be  shown  (Quigley,  A L C,  1971)  that  the  variance  of  forecast  position  for  a track  which  has 
received  n-1  measurements  and  is  just  about  to  receive  the  n-th  measurement  is  given  by  o|: 

r *>ein8  measurement  variance. 


Consideration  of  the  Kalman  filter  (Quigley,  A L C,  1971)  shows  that: 

°f 

a • y — , and  that  position  variance  just  after  inclusion  of  the  n-th  measurement  is  given  by  ar. 


Thus  for  a track  of  constant  data  rate  and  constant  measurement  accuracy,  the  position  variance  lies  between: 
The  variation  of  track  variance  with  time  is  shown  on  Fig  6. 


In  terms  of  the  discussion  on  adapting  a Kalman  filter,  let  the  variance  associated  with  manoeuvre 
errors  be  'q'.  Thus,  in  the  absence  of  manoeuvre: 

o|  « (n-l"(n-2)T*  ')ut  "•>***  manoeuvres  are  detected. 


°f  * (n-f)  (n-2)T  ** 


Since  a • -y-jj,  and  since  o£  is  increased  on  detection  of  manoeuvre.  It  Is  clear  that  a is  increased 


when  manoeuvres  are  detected. 


Given  that  the  forecast  variance  is  a function  of  n,  r and  q,  it  is  possible  to  modify  n in  such  a 
way  that  the  new  value  gives  the  same  value  for  o|  without  the  use  of  q.  If  this  modified  value  of  n is 
called  m:  1 
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Thus,  although  the  track  is  based  on  n measurements,  the  effect  of  the  manoeuvre  is  that  the  track  accuracy 
has  degraded  to  that  for  a track  based  on  only  m measurements.  Hence  the  value  of  m is  used  to  overwrite  n 
(Fig  6). 


The  foregoing  assumed  that  the  manoeuvre  had  been  detected,  which  is  based  upon  observing  unexpectedly 
large  error  between  measured  and  forecast  track  position.  The  error  observed  on  each  track  update  can  be 
smoothed  by  a simple  equation,  and  the  result  compared  with  a threshold  value  selected  to  give  an  appropriate 
false  response  rate.  The  derivation  of  the  final  algorithm  is  straightforward  though  tedious  (Quigley,  A L C, 
and  Holmes,  J E,  1975)  and  the  result  is  shown  in  Figs  7,  8 and  9. 


3.4  Choice  of  Co-ordinate  System 


The  foregoing  has  so  far  not  mentioned  the  optimum  co-ordinate  system  to  use.  Clearly,  the  manoeuvre 
detector  must  use  radar  (ie  polar)  co-ordinates.  Also,  it  is  clear  that  a typical  surveillance  radar  will 
have  a manoeuvre  response  (in  terms  of  control  of  n)  which  is  dominated  by  this  polar  nature.  This  suggests 
that  tracking  should  be  in  polars  with  separate  values  of  n for  range  and  azimuth.  However,  this  representa- 
tion is  incorrect  for  straight  tracks.  On  the  Ocher  hand,  the  above  response  is  difficult  to  apply  in  a 
fixed  or  track  orientated  Cartesian  system.  Note  that  the  polar  nature  of  radar  measurement  errors  Is 
generally  far  more  significant  than  track  orientated  manoeuvre  capabilities,  particularly  against  military 
targets  as  seen  by  2-D  radars.  The  way  out  of  this  dilemma  is  to  use  sensor  orientated  Cartesian 
co-ordinates.  In  this  way,  two  n counts  are  run,  one  for  along  sight  and  one  for  cross  sight,  corresponding 
to  range  and  bearing  respectively.  TT\e  co-ordinate  system  is  shown  in  Figs  10  and  11. 


3.5  Maximum  Value  of  n 


The  maximum  value  to  allow  n to  take  is  shown  (Quigley,  A L C,  and  Holmes,  J E,  1975)  to  be  calculable 
on  the  same  basis  as  manoeuvre  response,  but  using  a value  of  q related  to  roughness  of  flight.  The  analysis 
yields : 


"max 


2}  ♦ i 


3.6  Handling  Missed  Looks  (Fades) 

By  analogy  with  the  manoeuvre  handling,  it  is  possible  to  confute  the  effect  on  n when  observations 
are  missed.  This  is  shown  graphically  in  Fig  12.  Since  the  nature  of  the  resulting  algorithm  is  fairly 

! complex,  the  end  result  is  best  tabulated  as  in  Fig  13.  The  table  in  this  figure  must  be  used  with  care.  If 

the  'old  value  of  n'  relates  to  the  m-th  observation,  which  was  actually  a missed  look,  the  'effect  on  n' 
shows  what  to  add  to  m for  use  in  the  selection  of  o and  8 for  the  (m+l)th  observation.  For  example,  consider 
Fig  12.  The  7th  observation  was  missed  (m«7).  At  the  8th  look,  the  value  of  n to  use  is,  from  the  table, 

7-1  » 6.  Thus  the  value  of  n to  use  when  the  8th  measurement  is  made  is  6.  Thus  the  track  will  have  actually 
received  7 measurements  (on  looks  1-6  and  8),  but  the  tracking  proceeds  as  if  only  6 had  been  received. 

Further  applications  of  the  same  theory  may  be  used  to  handle  variations  in  measurement  accuracy,  but 
it  is  felt  that  under  these  conditions  a reduced  Kalman  filter  may  be  a better  solution. 

3.7  Plot  to  Track  Association 

The  process  of  correlating  new  radar  detections  with  existing  tracks  can  be  seen  to  consist  of  two 
main  steps.  The  first  stsp  is  to  produce  a list  of  all  possible  plot  and  track  pairings  together  with  the 
probability  of  correctness  of  each  pairing  (Quigley,  A L C,  1971,  1972).  This  is  then  followed  by  a selection 
of  the  best  overall  set  of  associations  (Magowan,  S,  1965),  a process  called  ambiguity  resolution.  The 
detailed  formulae  involved  in  the  calculations  are  quite  complex  and  are  as  such  unattractive  for  use  in  a 
real  time  system. 

One  technique  for  load  reduction  is  to  minimise  the  number  of  unnecessary  attempts  at  association. 

To  do  this,  a prefilter  such  as  the  stationary  plot  filter  is  useful  (see  Section  5).  The  residual  detections 
are  then  checked  for  association  with  known  system  tracks,  usinc  association  gates  which  make  no  allowance  for 
manoeuvre  - which  means  that  gates  are  small  enough  to  make  ambiguity  resolution  unnecessary.  Plots  which  are 
still  left  unassociated  are  tested  against  any  remaining  tracks,  this  time  allowing  for  manoeuvres.  Because 
of  the  .-elatively  large  size  of  this  association  gate,  ambiguity  resolution  might  be  required,  but  this  would 
only  normally  happen  with  manoeuverlng  tracks  which  are  near  each  other.  The  expressions  used  for  calculating 
association  probability  are  also  simplified,  the  extreme  being  to  reduce  them  to  the  formulae  used  in  track 
manoeuvre  detection. 

3.8  Track  Seduction 

One  final  point  regarding  manoeuvre  gate  sizes  is  worth  mention.  Clearly,  such  a gate  has  terms  in 
t1*.  If  the  local  false  alarm  rate  is  high  and  if  there  is  a series  of  fades,  the  gate  can  expand  to  such  a 
size  that  it  is  practically  certain  that  spuria  will  be  detected  in  the  gate.  Under  these  conditions,  track 
seduction  is  likely.  One  solution  is  to  reduce  the  association  gate  to  such  a size  that  the  probability  of 
track  seduction  is  held  to  an  acceptable  level. 


The  DTObflhilitv  of  track  aaAirtinn  ran  «Knwn  tn  K*  • 
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where  N * no  of  cells  in  association  gate 
Pp*  ■ false  alarm  probability  in  gate 
Pp  » track  detection  probability 
Ps  * probability  of  track  seduction 

If  Ps  is  too  high,  the  area  of  the  association  gate,  A,  can  be  reduced  by  4A  to  give  a modified  P£: 

N (A-6A) 

Pi  - (1-PD)  U-U-Pfa)  a > 

The  operation  of  this  control  is  linked  to  the  automatic  track  initiation  logic  (next  section)  in  that  it 
depends  upon  the  monitoring  of  the  local  detection  environment. 

4.  TRACK  INITIATION 

4.1  Requirements  of  the  Initiation  Process 

In  operational  systems  excellence  in  the  plot-to-track  association  and  track  updating  processes  may 
be  of  no  significance  if  the  system  is  saturated  with  spurious  tracks  or  if  the  formation  of  tracks  on  threat 
targets  is  not  timely.  Saturation  can  be  avoided  by  manual  track  initiation  methods  but  at  the  expense  of  a 
fast  system  response  particularly  when  each  man  deals  with  more  than  just  a few  tracks.  Thus  the  requirement 
of  a good  auto-initiation  process  is  to  achieve  an  optimum  balance  between  its  ability  to  speedily  initiate 
tracks  and  its  generation  of  false  tracks.  Since  measurement  conditions  can  vary  significantly  with  position 
and  time  the  optimum  scheme  must  be  adaptive.  Without  the  ability  to  adapt  its  parameters  the  initiation 
process  cannot  remain  optimum  under  all  conditions  or  even  those  of  a single,  fast  track. 

4.2  Description  of  Existing  Methods 

On  successive  radar  scans  the  plots  which  remain  after  failing  to  associate  with  existing  tracks  can 

be  used  to  form  new  tracks.  Two  such  plots  from  different  scans  will  be  used  to  form  a tentative  track. 

This  track  is  then  confirmed  as  genuine  or  is  deleted  as  further  plots  do  or  do  not  associate  with  it. 

The  transition  matrix  approach  uses  a matrix  definition  of  the  possible  paths  between  the  various 
states  in  which  a tentative  track  may  exist  (a  Markov  process,  as  illustrated  in  Fig  4).  Starting  from  an 

initial  state  the  track  may  progress  to  the  final  state  (track  confirmation)  or  return  to  the  initial  state 

(Driessen,  H B and  Hunt,  E W Le  M,  1971). 

This  scheme  is  non-adaptive  due  to  the  defined  paths  within  the  transition  matrix  and  there  exists 
no  obvious  method  of  synthesising  the  optimum  matrix  for  a given  set  of  conditions. 

An  alternative  approach  is  to  use  a consistency  counter  scheme.  Target  detections  cause  increments 
to  be  added  to  the  track  consistency  while  non-detections  cause  decrements  to  be  removed  from  it  (Turner,  R D 
and  Marder,  S,  1972).  When  the  counter  reaches  an  upper  or  lower  limit  the  track  is  confirmed  or  deleted  as 
appropriate.  Whilst  this  type  of  scheme  generally  uses  fixed  parameters  and  is  thereby  non-adaptive  a 
variation  of  the  scheme  to  be  outlined  here  can  be  implemented  as  such  a counter  scheme  but  with  adaptive 
step  sizes. 

4.3  The  Proposed  Method 

The  proposed  method  is  based  on  probability  theory  using  Bayes  theorem  for  manipulation  of  conditional 
probability  terms.  The  conditional  probability  of  validity  of  each  tentative  track  is  determined  from  the 
observed  measurement  sequence  and  the  observed  local  detection  environment  for  each  track.  By  using  the 
a priori  value  for  the  ratio  of  valid  and  invalid  track  probabilities  and  the  probabilities  of  successful 
measurements  on  such  tracks  the  a posteriori  value  for  the  ratio  of  valid  and  invalid  track  probabilities  can 
be  found.  The  rule  to  be  used  is  based  on  Bayes  theorem  (Fig  14)  and  is  derived  from  it  in  a simple  manner 
(Fig  IS).  The  a posteriori  value  after  one  scan  is  used  as  the  a priori  value  for  the  next  scan.  The 
measurement  attempt  made  on  that  scan  is  then  used  to  update  the  a priori  value  to  give  a new  a posteriori 
value. 


If  the  measurement  on  the  j-th  scan  has  been  made  and  is  to  be  used  to  update  data  from  the  i-th  scan 
(where  j ■ i*l)  and  P{VT|m)  after  scan  i is  denoted  by  Pj  then: 

pi  pi  P(M| VT) I 
1-P}  ’ 1-Pi  • P(M|\mlscan  j 

This  relation  is  obtained  from  our  single  scan  updating  rule  and  from  the  knowledge  that  a track  is  either 
valid  or  invalid  only;  hence  P(VT)  +P{VT)  • P{VT|M)  ♦P{7r|M)  ■ 1. 

By  the  simile  expedient  of  taking  logarithms  the  variable  step  consistency  counter  scheme  can  be 

derived: 

Rj  • Ri  ♦mj 

or  Rj  ■ Ri  -Bj 

where  Rt  - log[?i/ (1-Pi)] 

and  «i  . iog[P<M|\rr)/p{M|vD|scan  t] 

»1  - loglP{H|W)/P{R|VT)|scju)  J 

The  increment  a is  used  in  the  case  of  a successful  measurement  and  6 is  the  decrement  fbr  an  unsuccessful 


Prior  to  track  formation  or  updating  attempts  occurring  in  any  given  area  some  value  for  the  likely 
probability  of  validity  of  any  track  formed  from  target  detections  within  that  area  can  be  postulated.  Such 
factors  as  false  target  detection  rate,  true  target  detection  rate,  expectancy  of  target(s)  based  on  data 
from  other  sensors  or  flight  plan  information,  stationary  plot  filter  efficiency  or  rate  of  leakage  of  false 
target  detections  to  the  track  formation  logic  can  all  influence  the  a priori  value  of  valid  track  proba- 
bility 


Change  of  track  status  to  a confirmed  level  or  deletion  occurs  if  Rj  reaches  suitable  upper  or  lower 
limits  based  on  the  acceptable  false  alarm  rate  for  the  track  promotion  logic  or  the  likely  deletion  of  a 
true  track  respectively.  If  the  probability  of  track  validity  is  required  to  reach  say  0.999  for  track 
promotion  then  the  upper  limit  to  be  used  for  Rj  is  about  3 (using  base  10  logarithms).  Similarly,  if  the 
lower  limit  of  probability  used  for  track  deletion  is  0.001  then  the  lower  limit  for  Rj  is  about  -3.  The 
symmetry  of  this  scheme  is  illustrated  in  Fig  16.  The  false  alarm  rates  thus  set  are  constant  false  alarm 
rates  and  enable  the  logic  to  operate  under  any  conditions  with  known  and  acceptable  performance. 

4.4  Illustration  of  the  Advantages  of  the  Proposed  Method 

As  an  illustration  of  the  advantages  of  the  adaptive  logic  a simulation  has  been  made  comparing  this 
logic  with  a siigile  logic  requiring  four  detections  on  four  consecutive  target  scans.  The  logics  have  compar- 
able false  alarm  rates  at  a clutter  density  of  about  0.2  hits/km2.  The  target  is  closing  radially  at  about 
Mach  3 against  a background  of  uniformly  distributed  clutter.  The  graph  of  Fig  17  illustrates  the  behaviour 
of  the  range  at  which  a S0\  probability  of  track  confirmation  exists.  It  shows  the  clearly  advantageous  gain 
in  track  confirmation  range  for  the  adaptive  logic.  The  fixed  parameter  logic  (4/4)  is  unable  to  adapt  to 
the  changing  detection  and  clutter  conditions  with  the  consequence  of  only  a small  change  in  the  track  con- 
firmation range  over  the  clutter  density  range  concerned.  The  real  change  that  is  taking  place  is  in  the 
logic's  false  alarm  rate  which  becomes  unnecessarily  low  at  low  clutter  densities.  The  penalty  of  this  is 
non-optimum  performance. 

S.  STATIONARY  PLOT  FILTERING 

5.1  One  of  the  most  common  sources  of  false  alarm  from  the  plot  extractor  is  land  clutter.  In  an  auto- 
mated data  processing  system  such  returns  may  be  damaging  in  two  ways : - 

(a)  the  number  of  such  detections  may  be  large,  leading- to  computer  overload; 

(b)  spurious  tracks  may  be  formed,  thus  reducing  confidence  in  the  system's  track  extraction 
capability. 

The  stationary  plot  filter  is  used  to  eliminate  the  majority  of  such  false  detections. 

5.2  The  basic  principles  of  the  stationary  plot  filter  are  exceedingly  simple.  Data  on  all  tracks  which 
appear  to  be  "stationary  (ie  correlate  from  scan  to  scan)  are  stored  in  the  filter  and  each  incoming  plot  is 
compared  with  this  data.  If  the  new  detection  falls  within  a defined  capture  area  around  one  of  the  filter 
entries,  the  plot  is  deemed  to  be  clutter  and  is  cancelled.  If,  however,  there  is  no  correlation,  the  plot 
is  passed  on  to  the  tracking  process  for  comparison  with  known  system  tracks.  If  there  is  an  association  the 
appropriate  track  is  updated.  In  the  absence  of  an  association  it  is  concluded  that: 

(a)  the  plot  is  from  a moving  object  not  yet  being  tracked; 

(b)  the  plot  is  a detection  from  a new  piece  of  clutter; 

(c)  the  plot  is  otherwise  spurious. 

The  system  action  is  to  create  a new  entry  in  the  stationary  plot  filter  (SPF).  If  the  detection  is  from  a 
stationary  object,  the  tentative  moving  track  will  die  due  to  lack  of  supporting  data,  which  is  being  removed 
in  the  SPF  by  the  newly  created  entry.  Periodically,  the  SPF  contents  are  examined  and  entries  which  have 
not  been  updated  recently  are  removed. 

5.3  The  parameters  which  control  the  removal  of  old  entries,  ie  the  effective  memory  length,  merit  con- 
sideration in  more  detail.  The  memory  is  controlled  by  a consistency  counter,  which  is  incremented  by  y 
every  time  the  filter  entry  is  updated  and  decremented  by  S (usually  one)  each  time  no  association  is  made. 
When  a new  entry  is  created,  the  counter  is  set  to  an  initial  value,  usually  equal  to  y.  The  maximum  value 
of  the  counter  (M)  limits  the  time  an  entry  which  is  not  being  updated  can  remain  in  the  filter,  as  entries 
are  cancelled  when  the  counter  reaches  zero. 

Clearly,  clutter  points  with  high  detection  probabilities  are  likely  to  have  entries  in  the  SPF  and 
are  therefore  likely  to  be  cancelled,  ie  the  probability  of  observing  them  at  the  SPF  output  is  low.  Equally, 
clutter  points  with  low  detection  probabilities  are  not  likely  to  have  SPF  entries,  but  by  virtue  of  their  low 
detection  probabilities  are  unlikely  to  be  seen  at  the  input  and  hence  also  at  the  output  of  the  SPF.  From 
the  foregoing,  it  is  expected  that  there  will  be  some  value  of  the  detection  probability  for  which  there 
exists  a maximum  value  of  probability  of  presence  at  the  output  of  the  SPF.  Fig  18  shows  a set  of  curves 
which  relate  the  detection  probability  at  the  input  and  output  of  the  SPF  for  various  parameter  settings. 

Note  that  the  expected  maximum  is  clearly  visible  and  that  it  is  a function  of  the  memory  parameters.  It  is 
also  clear  that  the  output  detection  probability  can  never  exceed  the  input  detection  probability. 

In  the  case  where  the  input  to  the  SPF  consists  solely  of  detections  from  land  clutter,  the  longer 
the  memory  length,  the  greater  the  rejection  efficiency  of  the  process.  However,  if  other  forms  of  clutter 
(ot  interference)  are  considered,  the  situation  is  somewhat  different.  Each  spurious  entry  in  the  filter 
has  associated  with  it  a capture  area,  which  effectively  blanks  out  part  of  the  radar  cover,  as  seen  by  the 
tracking  process.  The  SPF  relies  for  its  viability  on  inter-clutter  visibility  and  so  the  number  of  spurious 
entries  in  the  filter  store  needs  to  be  minimised  in  order  to  maximise  the  area  where  detections  of  moving 
tracks  can  be  made.  The  values  of  the  parameter  y and  to  some  extent  the  maximum  value  of  the  counter  (M) 
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require  to  be  a compromise  between  cancellation  of  real  returns  with  low  values  of  detection  probability  and 
limitation  of  the  time  which  spurious  entries  remain  in  the  filter  memory. 

5.4  The  other  SPF  parameter  which  needs  to  be  considered  is  the  size  of  the  capture  area  around  each 
filter  entry.  This  area  would  normally  need  to  be  several  times  the  radar  measurement  standard  deviation  (to 
allow  for  radar  measurement  errors),  but  is  likely  to  be  less  than  the  radar  resolution  capability 
(Quigley,  A L C,  1973).  The  size  of  the  capture  area  clearly  dictates  the  minimum  speed  that  a target 
requires  to  evade  capture  by  the  filter  and  hence  allow  automatic  initiation  to  occur.  The  capture  area, 
therefore,  requires  to  be  a compromise  between  filter  efficiency  and  a reasonable  escape  velocity. 

Using  minimum  escape  speeds  of  up  to  a few  hundred  knots,  this  system  allows  automatic  initiation  on 
fast  tracks,  where  it  is  most  needed,  whilst  allowing  manual  Initiation  on  slower  moving  tracks.  This  is 
achieved  simply  by  removing  the  appropriate  filter  entry,  which  ensures  that  subsequent  detections  are 
output  to  the  tracking  process. 

5.5  Experimental  measurements  have  been  obtained  from  an  area  of  land  clutter,  using  two  radars  with 
pulse  lengths  of  2 usee  and  50  nsec  respectively.  The  optimum  (standard)  value  for  each  of  the  parameters 
was  determined  empirically  and  each  was  then  varied  in  turn  while  keeping  the  others  constant.  The  smoothing 
factor  relates  to  the  constant  value  of  a in  the  position  only  tracking  filter  used  to  update  the  positions 
of  the  stationary  plots.  The  standard  values  used  are  tabulated  in  Fig  19. 

The  results  are  summarised  in  Figs  20-25,  where  the  capture  areas  are  shown  in  terms  of  range  bins 
and  beamwidths.  It  can  be  seen  that  the  results  obtained  are  similar  for  both  the  radars  and  that  there  is 
an  optimum  size  of  captive  area  around  8 range  bins  by  1.5  beamwidths,  which  gives  a filter  rejection 
efficiency  in  excess  of  95\.  In  the  case  of  the  shorter  pulse  length  radar,  this  represents  a minimum 
escape  speed  for  radial  tracks  of  32  knots  and  for  the  longer  pulse  length  of  320  knots.  Increasing  the 
memory  parameters  (ie  gamma  and  the  initial  and  maximum  values  of  the  consistency  counter)  over  the  standard 
values  shown  in  Fig  19  appears  to  have  little  effect  on  either  the  efficiency  or  the  total  number  of 
stationary  plots  held  in  the  store.  The  value  of  the  smoothing  factor  (a)  also  has  little  effect,  the 
optimum  value  being  approximately  0.5. 

It  should  be  emphasised  that  this  data  was  obtained  from  a land-based  site,  and  the  process  has  yet 
to  be  validated  for  shipbome  use,  where  the  characteristics  of  the  observed  land  clutter  may  well  be 
di fferent. 

6.  CONCLUSIONS 

This  paper  has  described  an  automatic  track  extraction  system  which  recognises  the  realities  of 
typical  radar  operating  conditions  (clutter,  interference),  meaning  that  the  track  extraction  has  to  operate 
in  varying  false  alarm  rate  conditions.  In  order  to  acconraodate  these  variations,  several  stages  of  false 
alarm  control  are  introduced,  culminating  in  false  alarm  control  at  the  track  level  by  means  of  adaptive 
track  initiation  logic. 

The  existence  of  these  stages  makes  it  clear  that  none  of  the  system  elements  may  necessarily  be 
optimised  in  isolation  - for  example,  the  fact  that  no  plot  extractor  CFAR  is  going  to  be  perfect  gives  rise 
to  the  need  to  allow  for  the  imperfections  in  the  subsequent  processes,  meaning  that  there  must  be  an 
optimum  CFAR  to  aim  for,  given  the  existence  of  the  other  processes.  It  follows  from  the  above  that  any 
new  major  radar  development  must  include  the  data  processing  as  part  of  the  radar.  This  is  needed  to  avoid 
mismatching  the  quality  of  the  system  elements  which  could  lead  to  either  a shortfall  in  system  performance 
or  the  wasting  of  resources  in  striving  for  performance  in  system  elements  where  It  is  not  really  needed. 
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Fig.  1 Overall  processing  arrangement 
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Fig. 4 Transition  diagram  for  optimum  staircase  integrator,  8 pulses/beam width 


Gn  = Fn  +o(Pn  -Fn) 

Vn  * Vn-j  ♦ f('Pn  -Fn) 

Fn+1  = Gn  ♦VT 

where, 

the  subscript  n refers  to  processing  of  the  n-th  plot, 

G = smoothed  position 
F * forecast  position 
P * plot  position 
V * smoothed  velocity 
T * data  interval 
at 

| * damping  factors 


Fig.  5 The  <*  & equations 


Fig.6  Manoeuvre  processing 
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6 * forecast-measured  position 

°6  = n^Tr] °M  (Note:  r = o^) 

Let  J = — 

°6 

Ek+i  = (1  -X)  Ek  + X Jk  (E0  = o) 

Fig. 7 Manoeuvre  detector:  integrator 


MANOEUVRE  DETECTED  WHEN  |Ek|  > 2.5  or  3 x oE, 
2 X 

WHERE  aE  2-X 

X - — L_ 

V T 

a + 2 

T = data  interval 
V = track  velocity 
a = maximum  acceleration 

Fig. 8 Manoeuvre  detector:  test  and  parameters 


IF  A MANOEUVRE  IS  DETECTED 
Let  E = 

n-2 
F = E ♦ 

r 

m = 2 + i 

m,  n,  q and  r as  defined  in  the  text. 


Fig.9  Simplified  manoeuvre  response 


Fig.  10  Sensor  co-ordinates:  geometry 


FORECAST  £f  * Rf  Hf  = 0 

MEASURED  Cm  = Rm  cos(0m  -6f) 

0m  ■ Rm  sin(6m  -0f) 

AFTER  SMOOTHING  AND  FORECASTING,  ROTATE  AXES  TO  GIVE  nf  * 0, 
ie  MODIFY  k,  n TO  n' 

. (iLtni) 

v R 

n'  - 


Fig.  1 1 Sensor  co-ordinates:  algebra 
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Fig.  12  Missed  look  processing 
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Fig.  13  Reduction  of  n for  missed  look 


P{VT}  • P{M|VT} 

p{vt|m)  = — — — 

P{  VT)  • P{M|vn  +P{VT}  • P { M I VT } 

where, 

P{VT}  is  the  a priori  probability  of  a valid  track; 

P{VT}  is  the  a priori  probability  of  an  invalid  track; 

P{M|VT}  is  the  probability  of  a successful  measurement  (comprising  detection  and 
plot-to-track  association)  on  a valid  track; 

P{M|VT)  is  the  probability  of  a successful  measurement  on  an  invalid  track; 

P{ VT | M>  is  the  a posteriori  probability  of  a valid  track  given  a successful 

measurement  attempt. 


Fig.  14  Bayes  theorem 


P(VT)  • P{M|VT) 

P{VT|M}  = — — — 

P{VT}  • P{M|VT)  ♦P(VT)  • P{M| VT) 

P{VT)  • P{M|VT) 

and  P{ VT|M>  = — — — 

P{VT)  • P{M|VT)  +P(VT)  • P(M|VT) 

p(vt|m)  P{VT}  p{m|vt) 

hence  — — = — • 

p(vt|m)  p(vnr)  p(m|vt) 

P{  VT) 

where  — is  the  ratio  of  the  a priori  probabilities  of  valid  and  invalid  tracks; 

P(VT) 

P{M|VT) 

is  the  ratio  of  the  probabilities  of  successful  measurements  on  valid 

P{M|VT;  and  invalid  tracks; 

P(VT|M) 

— — is  the  ratio  of  the  a posteriori  probabilities  of  valid  and  invalid 

P{VT|M}  tracks. 


Fig. IS  Single  scan  updating  rule  for  track  validity 
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Fig.  18  Stationary  plot  filter:  output  PD  vs  input  PD 


PARAMETER 

STANDARD  VALUE 

RANGE  CAPTURE 

6 RANGE  BINS 

BEARING  CAPTURE 

1.5  BEAMWIDTHS 

COUNTER  INCREMENT  (y) 

5 

COUNTER  DECREMENT  (6) 

1 

COUNTER  INITIAL  VALUE 

S 

COUNTER  MAXIMUM  VALUE 

15 

SMOOTHING  FACTOR  (a) 

0.3 

Fig.  19  Table  of  standard  values  of  SPF  parameters 
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Fig.23  SPF  efficiency  vs  gamma 
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Counter  Initial  Value 
Fig. 24  SPF  efficiency  vs  counter  initial  value 
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Fig. 25  SPF  efficiency  vs  counter  maximum  value 
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DISCUSSION 


Regarding  Fig  17  of  your  paper,  could  you  say  what  was  the  probability  of  plot 
extraction  of  the  target  in  the  case  where  the  radar  antenna  rotation  rate  was 
set  at  157 

The  target  was  run  In  frost  long  range  at  a speed  of  1 Km/sec.  Thus,  the  probability 
of  detection  varied  as  a function  of  tine  (range)  In  the  usual  manner.  When  the 
radar  rotation  rate  was  changed  from  7.5  to  15  rpm,  the  single  scan  detection 
probability  Is  always  reduced,  but  the  number  of  detection  attempts  Is,  of  course, 
doubled.  Thus,  what  the  slide  shows  Is  that  one  should  aim  to  maximise  the  product 
of  single-scan  detection  probability  and  rotation  speed  In  order  to  get  as  much 
useful  Information  out  of  the  radar  as  possible. 

In  a-6  equations,  only  position  and  velocity  are  estimated.  Is  It  useful  to 
estimate,  and  do  you  have  experience  In  the  estimation  of,  position,  velocity  and 
acceleration  for  a-B-Y  equations? 

Yes.  The  a-B-Y  equations  have  been  looked  at,  particularly  where  polar  coordinates 
are  used.  However,  for  the  use  of  the  acceleration  term  to  be  of  value,  the  vehicle 
being  tracked  must  hold  a constant  acceleration  for  a relatively  large  number  of 
acans.  This  Is  an  unrealistic  assumption  for  surveillance  type  radars,  although  It 
could  be  useful  for  searchlight  type  trackera. 

Was  not  the  4/4  track  Initiation  criterion  rather  harsh  (or  lossy)  from  the  stand- 
point of  comparative  analysis,  with  your  adaptive  scheme? 

Tti, 

An  automatic  initiation  logic  is  a compromise  between  fast  Initiation  and  small 
false-track  rates. 

In  order  to  appreciate  the  Improvement  shown  In  Fig  17  I would  like  to  know:  "What 
Is  the  corresponding  variation  In  false-track  rates?" 

The  adaptive  logic  calculates  the  false-track  probability  and  adjusts  Itself  to 
keep  this  constant.  The  fixed  logic  has  a very  low  false-track  rate  on  the  right 
of  the  graph,  has  a false-track  rate  equal  to  the  adaptive  system  where  the  two 
curves  cross,  and  has  a very  high  false-track  rate  to  the  left. 

The  Intended  feature  of  the  adaptive  method  Is  that  It  Initiates  tracks  as  fast  as 
possible,  consistent  with  the  maintenance  of  an  acceptable  false  alarm  rate. 
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PLOT  EXTRACTOR  AND  DATA  PROCESSING  EQUIPMENT  FOR  A MOBILE  HIGH  RESOLUTION  3D  PENCIL- 

BEAM  RADAR 


Dr.-Ing.  Heins  Ebert 
AEG-TELEFUNKEN 
Radar  Department 
D-79  Ulm 
Postbox  1730 


SUMMARY 


The  principle  of  sequential  3D  scanning  of  the  airspace  by  means  of  a pencil-beam  an- 
tenna pattern,  for  reasons  of  complexity,  is  particularly  suited  for  a highly  atobile 
3D  air  surveillance  radar  of  high  resolution.  Advanced  radar  concepts  of  this  type  are 
using  antennas  with  simultaneous  electronic  and  mechanical  beam  scanning.  For  plot  ex- 
traction, a procedure  specially  tailored  to  pencil-beam- scanning  and  having  the  follow- 
ing basic  features  is  used:  1)  signal  amplitude  evaluation,  2)  target  detection  within 
the  elevation  scan  (sliding  window),  3)  center  azimuth  determination  by  means  of  an 
associative  processor.  For  further  processing  of  extracted  plots  (height  value  calcu- 
lation, automatic  tracking,  display  control,  data  remoting)  a freely  programmable  pro- 
cess computer  particularly  suited  for  radar  data  processing  is  used.  The  software  ap- 
plied for  this  purpose  is  of  a modular  structure;  program  control  is  accomplished  along 
the  task  management  principle.  An  engineering  model  of  the  system  described  by  way  of 
an  example  is  under  evaluation. 


1.  INTRODUCTION 

Highly  mobile  3D  Radar  Systems  are  being  increasingly  implemented  by  many  Armed 
Forces,  mainly  for  the  performance  of  operational  functions  of  the  following  types: 

a)  air  surveillance  and  simultaneous  fielght-finding; 

b)  battlefield  observation; 

c)  simultaneous  sea  and  air  surveillance  in  the  offshore  area; 

d)  acquisition  radar  for  high  ranges  and  heights. 

For  these  applications,  3D  Radars  can  be  used  both  as  autonosK>usly  operating  systems 
with  automatic  data  transmission,  e.g.  to  weapon  systems,  and  as  sub-systems  or  "radar 
sensors"  of  higher  echelon  command  and  control  systems.  In  both  instances,  radar  infor- 
mation must  be  handled  by  machines,  l.e.  by  EDP  means.  In  this  connection,  one  of  the 
objectives  to  be  accomplished  is  the  indication  of  radar  information  on  computer-con- 
trolled  displays,  in  a "synthetic"  fashion,  i.e.  using  symbols  supplemented  by  alpha- 
numeric characters.  The  evaluation  of  radar  signals  by  means  of  computers  is  subject 
to  their  "digitalization”  by  special  systems,  the  "radar  plot  extractors".  The  function 
of  such  plot  extractors,  however,  largely  exceeds  a mere  analog/digital  conversion, 
actually  including  a genuine  radar  plot  detection,  i.e.  the  performance  by  machines  of 
a function  so  far  excerclsed  by  man  on  the  radar  display.  In  addition,  this  provides 
the  possibility  of  transmitting  radar  pictures  via  narrow-band  links,  e.g.  telephone 
channels.  A desirable  feature  for  synthetic  radar  information  display  and  for  further 
EDP  evaluation  of  radar  information  is  automatic  tracking,  i.e.  detection  by  machines 
of  the  direction  and  speed  of  radar  target  movements.  This  capability  is  based  on  the 
plot  messages  furnished  continuously  by  the  plot  extractor  originating  from  the  success- 
ive revolutions  of  the  radar  antenna.  The  variety  of  the  functions  indicated  explains 
why  highly  mobile  3D  Radar  Systems  require  considerable  additional  devices  in  the  form 
of  special  data  handling  equipment.  The  following  paragraphs  will  mainly  describe  this 
special  equipment. 


2.  HIGHLY  MOBILE  3D  ACQUISITION  RADAR  WITH  PENCIL-BEAM  ANTENNA  PATTERN 


2.1.  General 

The  basic  data  processing  problems  in  connection  with  a mobile  3D  Radar  will  be 
discussed  mainly  on  the  basis  of  a system  already  realized. 
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This  3D  Radar  consists  of  two  separate  functional  units,  the  Sensor  and  the  Evaluation 
Equipment  (Fig.  1).  The  Sensor  Includes  the  radar  equipment  proper,  comprising  antenna, 
transmitter,  receiver  and  signal  processor.  The  Evaluation  Equipment  essentially  com- 
prises all  data  handling  equipment  such  as  primary  radar  and  IFF  plot  extractors,  com- 
puter, data  output  to  narrow-band  network  and  the  operating  positions  including  analog 
and  digital  displays.  Each  unit  is  transported  by  a 10-ton  truck  and  will  be  ready  for 
operation  within  30  minutes. 

2.2.  Sensor 

Details  of  the  Sensor  will  be  covered  only  to  the  extent  required  for  compre- 
hension of  the  data  processing  problems  described  later  on:  the  space  is  scanned  by  a 
phased-array  antenna  having  a pencil-beam  pattern  (Fig.  2).  While  the  antenna  is  rota- 
ting mechanically  in  azimuth,  the  antenna  beam  scans  electronically  in  elevation.  The 
movement  in  azimuth  during  one  elevation  scan  corresponds  to  a maximum  value  of  one 
half-power  beamwldth.  To  optimize  system  cycle  time,  the  elevation  beamwldth,  angular 
velocity  and  the  pulse  repetition  frequency  vary  as  a function  of  the  slant  range. 

To  eliminate  interference,  the  radar  resolution  cell,  by  narrow  beaming  and  phase-coded 
pulse  compression,  has  been  minimized. 

Furthermore,  a swltchable  single/double  cancellation  step-scan  MTI  system  is  used.  The 
^nsmitter  is  of  the  coherent  type.  The  block  diagram  (Fig.  3)  shows  the  Sensor  units, 
/ti  the  output  of  the  Sensor,  the  following  video  signals  are  available: 

a)  Normal  or  MTI  video 

b)  Dicke  Fix  video 

c)  IFF  video. 

These  signals,  together  with  trigger  signals  and  information  on  antenna  positioning, 
constitute  the  input  signals  to  the  Evaluation  Equipment. 

2.3.  Evaluation  Equipment 

The  block  diagram  Fig.  4 shows  the  main  units  of  the  evaluation  equipment:  the 
heart  of  the  evaluation  equipment  is  a primary  radar  (PR)  plot  extractor  tailored  to 
the  3D  radar  method  described  above.  The  IFF  information  obtained  through  an  IFF  detec- 
tor is  correlated  in  the  Correlator  with  the  PR  plots. 

Special  attention  is  drawn  to  the  fact  that,  other  than  in  a 2D  radar,  a plot  extractor 
is  always  indispensable  in  a 3D  radar  whenever  the  height  information  is  to  be  evalua- 
ted in  an  optimum  manner.  This  means,  for  instance,  that  in  an  advanced  3D  radar  con- 
cept the  height  value  of  all  targets  (l.e.  not  only  of  selected  targets)  is  determined 
automatically. 

In  accordance  with  the  present  state  of  the  art,  the  processes  of  automatic  target  de- 
tection in  a radar  of  high  range  resolution  can  only  be  performed  in  hardware  devices 

specially  designed  for  the  particular  application,  whereas  all  functions  of  further 
processing  of  extracted  plots  can  be  performed  in  EDP  systems  using  freely  programmable 
process  computers.  The  main  tasks  performed  by  a process  computer  (Fig.  4)  in  the  Eva- 
luation Equipment  are:  computation  of  the  height  of  the  plots  and  of  the  ground  range 

based  on  the  slant  range  and  the  elevation  angle,  filtering  of  the  plots  for  pre-set 
operational  criteria,  digital  display  control  and  data  output  to  a narrow-band  network. 

Due  to  the  easier'  adaptability  of  software  system  compared  to  purely  hardware-oriented 
systems,  it  is  possible  to  make  allowance  for  particular  wishes  of  the  various  users 
(army,  air  force,  navy),  e.g.  special  data  transmission  formats  and  procedures,  auto- 
matic tracking  etc. 

The  EDP  system  concept  provides  for  interaction  of  an  operator  in  the  plot  handling 
process  by  means  of  a rolling  ball  and  the  command  keyboard  (Fig.  4).  The  processing 
operation  can  be  observed  by  means  of  a multi-colour  display  (cf.  Section  S)  and  an 
alphanumeric  display. 

Availability  of  an  efficient  and  flexible  EDP  system  forming  part  of  the  radar  system 
is  in  keeping  with  the  sndern  trend  of  decentralizing  EDP  functions  in  military  (and 
civil)  systems.  This  means  that  subsequent  operations  centrals  can  be  efficiently  re- 
lieved of  such  EDP  operations  which  can  also  be  assigned  to  the  radar  equipment.  In 
the  event  of  a failure  of  the  operations  central,  the  radar  system  can  continue  to 
operate  as  a self-contained  unit. 


3.  PLOT  EXTRACTION  PROBLEMS  AND  TECHNIQUE  IN  CONNECTION  WITH  A 3D  PENCIL-BEAM 

RADAR 


3.1.  General 

The  technique  applied  for  a 3D  plot  extractor  is  closely  linked  with  the  3D  ra- 
dar method  used,  in  particular  with  the  radar  antenna  scanning  pattern.  One  may  distin- 
guish mainly  between  parallel  scanning  (multibeam  or  staqked-beam  method)  and  sequential 
scanning  using  a pencil  beam.  As  plot  extraction  for  the  multibeam  method  is  sufficient- 
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ly  known,  and  further  • multibeam  3D  radar  can  hardly  be  designed  as  a highly  mobile 
system  due  to  Its  great  complexity  and  high  weight  (cf.  2.1),  this  paper  is  confined 
to  plot  extraction  for  pencil-beam  radars. 

As  stated  in  2.2  above,  such  advanced  radar  concepts  operate  along  the  principle  of 
electronic  elevation  beam  scanning  and  mechanical  antenna  rotation  in  azimuth.  One  may 
distinguish  between  two  basic  concepts: 

a)  The  time  interval  of  successive  radar  sweeps  in  elevation  is  such  that  the  antenna 
patterns  are  touching  each  other  at  the  3 dB  points)  the  same  applies  for  azimuth. 

b)  There  exists  an  overlap  of  the  antenna  patterns  in  elevation  (possibly  also  in  azi- 
muth), so  that,  for  instance,  four  radar  sweeps  come  within  the  3 dB  elevation  beam- 
width. 

In  the  event  of  a)  above,  (automatic)  target  detection  must  be  performed  on  the  basis 
of  a single  hit,  as  only  one  target  reply  will  be  available  within  the  3 dB  beamwidth. 

In  the  event  of  b)  above,  target  detection  will  occur  in  the  usual  manner  by  integra- 
tion over  several  hits.  The  advantage  of  a)  is  the  considerable  gain  in  time  in  3D  all- 
around  scanning,  the  draw-backs  being  higher  transmitter  power  with  the  radar  range  re- 
maining the  same,  and  the  considerably  lower  height-finding  accuracy  (cf.  3.2.3). 

3.2.  Target  Detection  Method 

3.2.1.  Amplitude  Quantization 

Other  than  with  2D  radars,  with  3D  radars  very  few  hits  (in  the  extreme  case 
only  one)  are  available  only  within  the  3 dB  beamwidth.  As  for  the  purpose  of  height- 
finding,  the  elevation  angle  of  a target  must  be  determined  as  accurately  as  ever  possib- 
le (in  certain  cases  the  azimuth  value,  too),  it  is  absolutely  necessary  for  3D  extrac- 
tors to  evaluate  the  signal  amplitude.  When  sequential  scanning  is  applied  using  the 
pencil-beam  method,  it  will  be  necessary  to  store  the  signal  amplitude  values  in  a buf- 
fer. This  involves  the  necessity  of  digitization  of  the  signals,  a 4-bit  quantization 
being  normally  sufficient  (»  15  amplitude  increments). 

Investigations  on  the  detection  behaviour  of  a sliding  window  integrator  using  multiple 
bit  quantized  amplitudes  show  that  there  exists  an  optimum  ratio  between  quantization 
increment  width  and  noise  r.m.s.  value.  This  means  that  in  the  event  of  this  ration 
amounting  to  between  0.5  and  0.7,  the  necessary  S/N  value  at  the  input  will  be  reduced 
to  a minimum  for  a preset  probability  of  detection.  Thus,  as  the  noise  r.m.s.  value  ri- 
ses, the  quantization  increment  width  would  have  to  be  increased,  too.  For  reasons  of 
optimum  target  detection,  therefore,  a non-linear  amplitude  quantizer,  i.e.  a quantizer 
providing  for  increasing  quantization  increment  width  as  the  input  amplitude  rises,  can 
be  recommended  Cl].  This,  however,  will  increase  the  complexity  of  the  algorithm  for 
azimuth  computation  (cf.  3.2.4.). 

3.2.2.  Single  Hit  Evaluation 

The  process  of  target  detection  on  a single  hit  basis  is  illustrated  in  Fig.  5. 
The  echoes  originating  from  a radar  sweep  of  a designated  elevation  value  are  stored  in 
a memory  following  their  quantization,  (e.g.  4-bit  quantization).  The  memory  address 
used  is  the  current  elevation  angle  value  J and  the  current  number  I of  the  elscan  (ele- 
vation scan).  If  the  echo  signal  of  a designated  radar  resolution  cell  - which,  in  our 
example,  is  stored  in  location  E - is  to  be  finally  evaluated,  then  the  echo  results 
from  the  directly  adjacent  resolution  cells  (elevation  values  J-l  and  J-l,  elscans  Nos. 
1-1,1  and  1-1)  are  also  used. 

If  defined  amplitude  patterns  are  present,  a coherent  plot  can  be  detected,  and  a per- 
tinent elevation  and  azimuth  angle  value  is  computed  based  on  the  amplitude  values.  This 
action  depicted  for  a single  range  increment  only  is  performed  for  each  range  increment 
during  the  current  radar  sweep.  Neglecting  the  random  amplitude  distortion,  the  maximum 
elevation  or  azimuth  errors  amount  to  ±1/2  of  the  antenna  elevation  or  azimuth  half-power 
beamwidth. 

3.2.3.  Multiple  Hit  Evaluation  (Sliding  Window  Detector) 

Although  3D  Radars  using  single  hit  evaluation  have  been  realized,  a design 
permitting  multiple  hit  evaluation  is  to  be  preferred.  The  system  discussed  here  which 
has  been  realised  in  practice,  within  the  elevation  half-power  beamwidth,  provides  to 
the  evaluation  equipment  the  target  echoes  originating  from  four  radar  sweeps.  In  this 
instance,  the  sliding  window  principle  can  be  used  for  integration  of  the  4-bit  quan- 
tized echo  signals)  in  contrast  with  the  usual  2D  extractors,  however,  the  sliding  win- 
dow here  is  slid  in  the  direction  of  the  elevation  scan,  i.e.  vertically  downward.  This 
process  is  shown  in  Fig.  6.  Whenever  a 6-bit  target  detection  threshold  is  exceeded, 
start-of-target  is  declared,  and  the  respective  elevation  angle  value  is  read.  Similarly 
end-of-target  is  declared  when  the  amplitude  drops  below  the  threshold.  From  these  va- 
lues the  elevation  angle  value  of  the  target  center  is  determined.  In  the  event  of  un- 
dlstorted  amplitudes,  the  accuracy  amounts  to  ±1/2  elevation  increment  (i.e.  angular 
spacing  between  two  radar  sweeps),  which  means- that  it  is  four  times  higher  than  the 
accuracy  attained  in  single  hit  evaluation. 

The  development  engineer,  as  in  the  case  of  2D  extractors,  here,  too,  is  interested  in 
the  relationship  between  probability  of  target  detection  WQ,  false  alarm  probability 


W , S/N  ratio  at  the  extractor  input,  as  well  as  the  (normalized)  threshold  voltage 
V*aof  the  target  detection  threshold  (for  an  explanation  of  these  terms,  please  refer 
to  [2]).  Normally,  the  values  for  WD,  W and  S/N  are  given,  and  the  required  threshold 
voltage  V must  be  computed.  The  detection  process  applied  here  corresponds  to  an  "in- 
coherent"sintegration  which  is  described  in  sufficient  detail  in  the  well-known  book 
"Radar  Design  Principles"  by  Nathanson  [3].  A collection  of  curves  making  allowance  for 
the  well-known  Swerling  fluctuation  models  is  contained  in  [4]. 

The  Attachment  gives  a short  outline  of  the  mathematical  relationships. 

As  it  is  imperative  in  clutter  and  Jamming  areas  to  avoid  any  flooding  of  the  extractor 
with  false  targets,  a clutter  detector  is  coupled  to  the  detection  threshold  to  raise 
the  latter  as  a function  of  the  clutter  background.  The  function  of  the  clutter  detec- 
tor must  be  regarded  as  an  ultimate  safety  measure  against  an  unintentionally  high  clut- 
ter ratey  it  is  desirable  to  efficiently  eliminate  clutter  by  radar  or  signal  processor 
measures.  In  order  to  obtain  information  on  the  clutter  background,  the  amplitude  mean 
value  is  measured  in  a defined  area  around  the  sliding  window.  The  measurement  of  the 
mean  value  can  be  performed  more  easily  than,  for  instance,  that  of  the  r.m.s.  value. 

It  is  justifiable  on  the  assumption  of  Rayleigh-distributed  clutter,  as  there  exists  a 
linear  relationship  between  mean  and  r.m.s.  value.  Association  of  a threshold  value 
with  a measured  value  occurs  through  a read-only  memory. 

3.2.4.  Target  Azimuth  Center  Determination 

As  a strong  target  may  be  detected  several  times,  i.e.  during  two  or  three 
successive  els'cans,  target  azimuth  center  determination  creates  problems  of  a particu- 
lar nature.  It  is  necessary,  in  a special  extractor  sub-assembly,  to  combine  the  target 
data  from  the  respective  elscans  to  a single  plot  and  to  compute  a resulting  azimuth 
value.  To  this  effect,  the  mean  value  of  the  signal  amplitudes  contained  in  the  sliding 
window  is  continuously  determined.  The  maximum  of  this  mean  value  between  start-of-tar- 
get  and  end-of-target  is  stored  and  used  as  a basic  value  for  azimuth  center  determi- 
nation. Evaluation  then  proceeds  as  follows:  for  each  newly  detected  target  a process 
is  started  by  which  a match  having  the  same  range  and  elevation  values  is  searched  for 
in  the  stored  data  of  the  previous  elscan.  In  view  of  the  inaccuracy  of  target  position 
detection,  directly  adjacent  increments  must  also  be  Included  in  the  search  process. 

In  addition,  due  to  the  small  resolution  cell,  the  search  process  must  be  accomplished 
within  a very  short  period  of  time.  For  this  purpose,  a so-called  "associative"  pro- 
cessor CS]  is  particularly  suited,  the  elevation  and  range  values  being  used  as  search 
criteria  in  the  associative  (■  content-addressable)  memory.  The  capacity  of  the  asso- 
ciative memory  is  adapted  to  the  expected  number  of  plots  per  two  elscans;  for  the  pre- 
sent instance,  the  number  of  plots  has  been  assumed  to  amount  to  160.  From  the  difference 
of  the  stored  amplitude  mean  values  of  the  matches  found,  the  resulting  azimuth  value 
is  derived.  Any  possible  third  corresponding  plot  of  a target  determined  in  this  manner 
during  the  Immediately  following  elscan  will  be  suppressed. 

3.2.5.  Data  Reduction 

By  the  plot  extraction  process,  the  high  radar  resolution  resulting  from  the 
pulse  compression  method  is  to  be  fully  exploited  in  the  interest  of  minimizing  clutter 
signals  detection.  This  means  that  the  size  of  the  range  Increment  in  the  extractor 
must  be  adapted  to  the  sub-pulse  length,  or  that  the  Integration  process  must  occur  at 
a corresponding  speed.  This  requirement  has  been  met  in  the  example  under  discussion. 

As,  however,  the  high  resolution  is  employed  for  reasons  of  clutter  signal  reduction 
only,  (adaption  of  radar  resolution  cell  to  target  dimensions),  while  a less  high  re- 
solution would  be  sufficient  for  this  radar  application,  the  plots  from  several  range 
Increments,  in  a data  reduction  unit,  are  combined  to  a resulting  plot.  Again,  the  Man 
amplitude  is  used  as  a selection  criterion;  the  plot  having  the  highest  amplitude  value 
in  the  so-called  "coarse  range  Increment",  i.e.  the  resulting  range  Increment  after  da- 
ta reduction,  is  passed  on,  the  remaining  ones  being  suppressed.  In  this  manner,  an  adap- 
tion of  the  data  flow  to  the  speed  of  normal  process  computer  input  channels  is  simul- 
taneously accomplished. 

3.2.6.  PR/IFF  Correlation 

Normally,  an  IFF  equipment  is  also  coupled  to  a 3D  acquisition  radar,  as  it  is 
usually  employed  with  a 2D  radar.  This  requires  availability  of  an  IFF  plot  extractor 
to  enable  IFF  target  replies  to  be  also  automatically  detected  and  processed.  The  extrac- 
ted PR  and  IFF  target  replies,  to  the  extent  possible,  are  combined  to  common  target 
replies,  i.e.  the  attempt  is  made  to  correlate  them.  In  view  of  the  necessary  high  speed 
of  the  respective  search  processes,  it  is  again  expedient  to  use  an  associative  pro- 
cessor. 


3.3.  PR/IFF  Plot  Extractor  Block  Diagram 

Fig.  7 shows  the  block  diagram  of  an  extractor  resulting  from  the  above  conside- 
rations and  developed  for  the  radar  described  herein: 

The  video  signals  output  by  the  sensor  are  quantized  in  15  increments  (■  4 bits)  in  the 
"hit  processor"  unit;  in  view  of  the  subsequent  azimuth  center  determination,  linear 
lncresienta  have  been  adopted.  As  a constant  video  level  must  be  available  for  quanti- 
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zation,  video  amplification  is  controlled  in  a preceding  control  amplifier  in  accor- 
dance with  the  signal  of  an  integrator  using  a slow  feedback  loop.  This  integrator  re- 
cords the  instance  whenever  the  threshold  is  exceeded  by  the  video  signal  compared  to 
a threshold  value  in  a window  at  the  end  of  the  radar  coverage  area.  The  integral  value 
is  held  constant  throughout  the  gain  control  process. 

This  unit  is  followed  by  the  sliding  window  detector  coupled  to  a clutter  detector,  and 
the  target  elevation  center  determination  unit.  The  basic  function  of  these  three  units 
is  identical  to  that  in  a normal  2D  extractor,  the  difference  being,  as  stated  earlier, 
that  the  sliding  window  is  moved  vertically  during  the  elevation  scan,  and  that  the 
signal  amplitude  is  evaluated.  The  following  units,  viz.  "target  azimuth  center"  and 
"data  reduction",  however,  are  specific  to  the  pencil-beam  '3D  plot  extractor;  their 
function  has  been  explained  in  detail  in  3.2.4.  and  3.2.5.  above,  respectively.  Then, 

In  the  "PR/IFF  correlation"  unit,  the  PR  and  IFF  information  is  combined;  correlation 
Is  performed  neglecting  the  PR  height  Information.  Then  the  plots  are  transferred  to 
the  EDP  system  (process  computer)  of  the  evaluation  equipment. 


I 
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3.4.  Extraction  of  Sea  Targets 

As  the  tasks  of  the  3D  Radar  System  described  include  off-shore  control,  the 
jestion  of  automatic  extraction  of  sea  targets  must  be  solved  in  addition  to  aircraft 
arget  extraction. 

n this  connection,  two  basic  problems  arise: 

1 Frequently,  sea  targets  are  rather  sizeable,  which  means  that  they  cannot  be  con- 
Idered  point-type  targets  as  can  aircraft  targets. 

The  sea  clutter  caused  by  the  waves,  within  the  sweep  period  of  an  antenna  beam, 
tovldes  highly  correlated  return  echoes  of  a target-type  nature. 

arget  detection  carried  out  by  an  operator,  and  to  a still  higher  extent  target  de- 
ection  performed  by  machines,  is  thus  rendered  difficult  or  even  Impossible. 

The  problem  of  additional  sea  target  extraction  may  be  solved  by  the  following  varia- 
tions of  or  supplesients  to  the  basic  versions  of  the  sensor  and  the  evaluation  equip- 
ment : 

1 For  sea  target  extraction,  the  lowermost  beam  position  within  each  elevation  scan 
Is  used  (cf.  Fig.  2). 

2'  The  antenna  beam  resiains  in  the  lowermost  position  for  a longer  period  than  it  does 
in  the  basic  version,  so  that  at  least  12  radar  sweeps  will  come  within  the  3 dB  beam- 
width. 

3)  For  decorrelation  of  sea  clutter,  pulse-to-pulse  frequency  agility  is  applied. 

4)  Target  center  determination  in  azimuth  direction,  i.e.  correlation  of  plots  from  the 
same  target  originating  from  several  el  scans  is  extended  to  observation  of  more  than 
two  successive  elscans.  Plots  from  a maximum  of  15  successive  elscans  can  be  utilized 
for  target  az<muth  center  determination. 

5)  As  the  extension  of  a ship  target  in  range  direction  may  also  considerably  exceed 
the  range  resolution,  an  additional  range  center  determination  will  be  required.  In 
this  case,  too,  center  determination  is  accomplished  based  on  the  principle  of  the 
beam-splitting  method,  i.e.  the  mean  value  is  computed  based  on  the  measured  values 
for  start-of-target  and  end-of-target  criteria. 

Fig.  8 shows  the  principle  of  the  measures  enumerated  for  additional  sea  target  extrac- 
tion. These  functions  are  included  in  the  extractor  by  means  of  a retrofittable  "mari- 
ne supplement". 


4.  FURTHER  PROCESSING  OF  EXTRACTED  PLOTS  IN  THE  PROCESS  COMPUTER  SYSTEM 


4.1.  General 

In  an  earlier  2D  plot  extractor  project,  a freely  programmable  computer  has  been 
successfully  applied  for  plot  processing  purposes  C6].  The  15  plot  extractors  used  in 
the  FRG  for  civil  air  traffic  control  Include  one  dual-computer  system  TR86  each  (ope- 
ration and  standby).  In  the  application  discussed  here,  however,  the  process  computer 
performs  functions  which  largely  exceed  the  tasks  of  a plot  extractor:  it  is  possible, 
for  Instance,  to  extend  plot  processing  by  automatic  target  tracking;  furthermore,  it 
is  possible,  as  required,  to  extend  the  evaluation  equipment  to  a mini  operations  cen- 
tral. Realization  of  the  particular  functions  in  the  form  of  software  provides  the  eva- 
luation system  with  a high  flexibility  and  permits  to  meet  the  individual  requirements 
of  various  users  (army,  navy,  air  force).  The  software  is  broken  down  into  a basic  soft- 
ware used  for  all  system  versions,  and  supplements  which  are  established  to  meet  the 
specific  requirements  of  the  respective  users.  The  basic  system  functions  which  are 
covered  by  the  basic  software  include  the  tasks  of  further  plot  processing,  such  as 
computation  of  the  height  value,  conversion  of  target  coordinates  from  rho/theta  into 
X/Y  coordinates,  etc.,  preparation  of  information  for  narrow-band  transmission,  as  well 
as  system  monitoring  using  a computer-controlled  display.  This  includes  also  the  ope- 
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rotor's  action  on  data  evaluation,  by  Inputting  data  filtering  criteria  for  height  val- 
ues, geographical  sectors,  etc.  The  supplements  include,  for  Instance,  target  tracking, 
sea  target  evaluation  or  extension  to  a mini  operations  central. 


II 


1 


& 

i 


The  structure  and  organization  of  EDP  systems  for  the  functions  described  above  is  si- 
milar to  the  structure  and  organization  of  typical  process  data  handling  systems.  A 
coarse  break-down  results  in  the  following  three  main  components:  1)  Process  hardware, 

2)  operating  software  or  operating  system,  respectively,  3)  application  software. 

The  typical  functions  of  these  components  can  be  explained  by  means  of  a trivial  com- 
parison: During  a flight,  the  aircraft  accomplishes  the  function  of  the  "hardware", 
the  pilots  and  stewardesses  constitute  the  "operating  system"  applicable  for  all  passen- 
gers, while  the  passengers  themselves,  each  of  whom  has  a special  goal  linked  with  his 
travel,  constitute  the  "application  software”.  In  the  following  paragraphs,  the  typical 
functions  of  these  three  components  of  the  process  computer  system  for  3D  radar  data 
processing  are  discussed. 

4.2.  Structure  and  Organization  of  the  Process  Computer  System 

4.2.1.  Hardware 

Tig.  i Is  a block  diagram  of  the  main  components  of  the  process  computer  system 
used  in  the  radar  system:  the  heart  is  a UNIVAC  process  computer  of  the  latest  genera- 
tion meeting  military  environmental  requirements.  The  memory  can  be  extended  to  a maxi- 
mum of  64  K words  (word  length  - 16  bits);  for  the  present  task,  32  K words  will  be 
sufficient.  The  program  is  loaded  once  only  through  a magnetic  tape  cassette  which  also 
meets  the  military  requirements.  The  complete  program  established  in  a computer  center 
is  written  onto  this  cassette  (cf.  4.4.). 

For  system  operation  by  the  operator,  a command  keyboard  connected  to  the  display,  and 
a rolling  ball  unit  are  available.  A separate  alphanumeric  display  indicates  any  addi- 
tional information  desired  or  acknowledges  command  Inputs.  Another  keyboard  and  a small 
printer  are  used  for  computer  operation  and  monitoring.  All  operating  functions  must 
be  designed  in  such  a manner  that  the  operators  need  not  have  any  special  computer  or 
software  knowledge.  An  automatic  test  system  continuously  monitors  the  system  functions 
and  locates  the  failed  unit  in  the  event  of  any  malfunctions. 

The  computer  used  is  particularly  suited  for  radar  data  processing  tasks.  This  can  be 
seen  from  the  following  characteristics: 

- High  instruction  repertory  (over  100)  Including  single-bit  instructions  which  are 
very  desirable  for  radar  data  evaluation; 

- high-speed  I/O  channels  with  direct  memory  access  and  separate  instruction  repertory; 

- Hardware  "Cordic"  arithmetic  unit  for  the  computation  of  trigonometric  functions, 
coordinate  transformation,  vector  computations  etc.  within  a period  of  as  little  as 
12  ps.  This  accelerates  rho/theta  - X/Y  coordinate  transformation  of  target  data  and 
special  target  tracking  computations  (cf.  4.3.)  by  more  than  one  order  of  magnitude. 

- A total  of  64  hardware  general-purpose  registers;  by  high-speed  register-register 
operations,  the  program  flow  can  thus  be  considerably  accelerated; 

- Simplification  and  reduction  of  the  program  interrupt  process  by  application  of  gen- 
eral-purpose registers  which  can  be  broken  down  into  four  program  levels. 

The  characteristics  enumerated  above  show  the  increased  performance  of  advanced  process 
computers  compared  with  previous  computer  generation.  In  view  of  the  technological  pro- 
gress of  semiconductor  technique,  this  improved  performance  is  also  coupled  with  a con- 
siderable reduction  in  volume.  This  results  in  the  fact  that  today  highly  mobile  radar 
systems  can  be  provided  with  a data  processing  capacity  which  is  by  no  means  inferior 
to  that  of  fixed  systems. 

4.2.2.  Application  Software  and  Operating  System 

In  section  4.1.,  the  difference  between  application  software  and  operating 
system  has  been  briefly  explained.  Application  programs  automate  processes;  they  re- 
flect the  process  actions.  Programming  of  a process  computer,  therefore,  means  in  par- 
ticular, the  generation  of  application  programs  in  accordance  with  the  process  task 
requirements.  It  is  of  particular  importance  to  break  down  the  overall  process  into 
individual,  self-contained  partial  processes  or  modules.  In  doing  so,  the  goal  shall 
be  t c obtain  program  modules,  having  but  a single,  exactly  defined  input  and  output. 

Upon  an  exact  definition  of  the  input  and  output  interfaces  as  to  data  structure,  data 
format  etc.,  the  individual  program  modules  can  be  generated,  tested  and  subsequently 
assembled  to  the  overall  program.  This  form  of  program  organization  thus  adds  both  to 
the  lucidity  of  the  overall  program  and  the  better  organization  of  the  workflow  for 
program  generation. 

Whenever  a certain  program  module  becomes  effective,  i.e.  whenever  the  computer  pro- 
cesses data  based  on  the  instructions  from  this  program, this  program  becomes  a "task”. 
This  means  that  a task  is  the  active  application  of  a program.  The  start  of  a certain 
task.  Its  possible  interruption,  its  completion  and  the  making  available  of  all  necessary 
input  data  is  a special  process  within  a computer.  This  process  also  includes  control 
of  peripherals,  or  the  transport  of  programs,  files  and  data.  The  operating  system  is 
the  program  by  which  these  processes  are  automated,  i.e.  it  is  a program  for  automation 
of  the  computing  process.  During  the  computing  process,  the  process  computer  continuous- 
ly alternates  between  the  application  status  during  which  application  programs  are  pro- 
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cessed,  and  the  organization  status  during  which  the  operating  system  is  effective. 

The  operating  system  program  performing  real-time  activation  and  monitoring  of  the  var- 
ious application  tasks,  based  on  an  exactly  defined  time  and  organization  schedule,  is 
called  scheduler  program.  The  organization  of  application  task  control  through  a sche- 
duler with  exactly  defined  time  relationships  and  priorities  described  here  may  also 
be  called  "task  management".  Its  advantage  over  other  organization  structures  is  that 
it  is  possible  at  any  time  to  obtain  an  exact  picture  of  the  status  and  the  flow  of 
the  processing  process.  It  is,  for  instance,  possible  to  avoid  that  the  computer  gets 
stuck  in  a particular  program  due  to  any  unforeseen  input  data  configurations.  In  ad- 
dition, the  task  management  procedure  provides  an  unsurpassed  flexibility  for  the  pro- 
gram test,  as  well  as  in  the  event  of  any  subsequent  extensions  or  changes,  by  by- 
passing, eliminating  or  replacing  individual  tasks  in  a simple  manner  without  affecting 
the  remaining  programs. 

The  only  disadvantage  of  modular  program  organization  in  connection  with  task  manage- 
ment might  prove  to  be  the  fact  that,  as  a result  of  the  input  and  output  buffers  of 
the  modules,  the  overall  storage  requirement  is  somewhat  increased  and  additional 
times  are  required  for  scheduling.  Its  advantages  as  described  above,  however,  are  of 
such  a high  value  that  it  must  be  preferred  to  all  other  organizational  structures  for 
real-time  radar  data  processing. 

Although  the  producers  of  process  computers  today  mostly  also  provide  a real-time  op- 
erating system,  it  has  time  and  again  proved  necessary  to  establish  a special  operating 
system  for  such  specific-to-task  applications  as  radar  data  processing,  the  reasons 
for  this  being,  above  all,  the  peripheral  conditions  whose  nature  differs  from  those 
applicable  for  usual  process  control  systems,  and  the  absolute  requirement  of  optimum 
process  control  flow  with  respect  to  time.  This  is  why  a special  operating  system  has 
been  prepared  for  the  described  process  computer  system  for  3D  radar  data  processing. 

4.3.  Special  Tasks  of  Further  3D  Radar  Plot  Processing 

Fig.  10  shows  the  main  program  modules  used  in  the  process  computer  portion  of 
the  evaluation  equipment  of  the  3D  Radar  described  here.  The  basic  programming  version, 
extended  by  an  automatic  tracking  of  aircraft  and  marine  targets,  is  shown;  the  function 
of  an  independent  operations  central  is  not  contemplated.  The  typical  processing  func- 
tions in  a 3D  radar  data  evaluation  system,  as  shown  in  the  diagram,  are  as  follows: 

1)  Data  Transfer  from  Plot  Extractor 

This  program  ensures  real-time  transfer  of  data  blocks  from  the  extractor  and  prepa- 
res the  information  thus  transferred  for  the  follow-on-processes. 

2)  Calculation  of  Height  Value 

As  the  radar  measures  the  target  slant  range,  the  height  and  the  ground  range  of 
each  target  must  be  computed  based  on  the  slant  range  and  the  elevation  angle  data. 

3)  Data  Filtering/Insertion  of  Maps 

Depending  on  the  operator's  inputs,  the  plots,  prior  to  being  passed  on,  can  be  fil- 
tered for  criteria  such  as  appertaining  to  a designated  height  layer,  a designated 
geographical  area  or  clutter  area,  or  other  defined  criteria.  By  Insertion  of  map 
and  position  information,  areas  subject  to  filtering  processes  can  be  identified. 

4)  Rho-theta/X-Y  Coordinate  Transformation 

This  program,  by  means  of  the  CORDIC  arithmetic  unit,  transforms  all  target  informa- 
tion into  X-Y  coordinate  data  (cf.  4.2.1.). 

5)  Command  Input  and  Processing 

These  programs  process  the  commands  input  through  the  operator's  keyboard  and  cause 
the  commands  to  influence  the  evaluation  process. 

6)  Target  Tracking 

This  program  provides  the  possibility  of  simultaneously  and  automatically  tracking 
a total  of  100  targets.  These  targets  may  be  aircraft  or  marine  targets  or  both. 
Tracking  is  initiated  manually  by  the  operator,  as  an  automatic  initiation  might 
involve  a high  calculation  effort,  and  inadmissibly  high  clutter  rates  might  result 
in  a computer  overflow.  The  targets  are  automatically  sorted  into  "fast"  aircraft 
targets  and  "slow"  sea  targets;  the  position  of  a slow  target  is  output  once  only 
per  10  antenna  revolutions.  The  Initial  tracking  gate  is  a circle;  for  target 
tracking  proper,  however,  tracking  gates  formed  by  circle  segments  are  used,  making 
allowance  for  radar  measuring  errors  and  any  possible  maneuvers  of  the  target  being 
tracked.  For  computation  of  the  tracking  gates  and  the  prediction  position  of  the 
targets,  the  advantage  of  a high-speed  hardware  CORDIC  arithmetic  unit  can  be  fully 
utilized:  computation  of  the  trigonometric  or  vector  functions  is  ten  times  faster 
than  program-controlled  calculation  by  computers  without  this  device.  Non-availabi- 
lity of  the  high-speed  CORDIC  arithmetic  unit  would,  in  the  present  instance,  result 
in  the  necessity  of  utilizing  considerably  simpler  tracking  gate  types  detrimental 
to  the  tracking  efficiency. 

In  Plot-track  correlation,  the  height  of  the  target  is  taken  into  account.  Failure 
of  target  detection  over  several  antenna  revolutions  can  be  bypassed,  the  number  of 
bypasses  being  an  adjustable  parameter.  For  ''smoothing”  of  the  target  prediction 
position,  the  well-known  alpha-beta  method  is  employed. 

7)  Data  Output  to  Display 

This  program  controls  the  output  of  data  to  the  evaluation  equipment  display  for 
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synthetic  presentation  of  the  situation  (cf.  5).  As  the  display  has  a picture  up- 
dating memory  of  its  own,  it  may  be  omitted  in  the  computer. 

6)  Output  to  Alphanumeric  Display 

The  alphanumeric  display  is  an  auxiliary  means  for  the  operator:  input  Instructions 
can  be  acknowledged,  and  additionally  requested  target  information  (e.g.  speed  in 
the  event  of  tracking)  can  be  indicated. 

9)  Data  Output  to  Data  Link 

This  program  organizes  data  output  to  the  respective  users;  normally,  the  extracted 
radar  Information  is  transmitted  through  one  or  more  telephone-channel-type  links 
to  remote  operations  centrals. 


Programm-controlled  plot  processing  is  arranged  in  such  a manner  that  a maximum  of 
1000  plots  per  antenna  revolution  can  be  input  to  the  computer.  As  a result  of  fil- 
tering processes  for  various  criteria,  plot  selection  by  the  operator  etc.,  300  plots 
out  of  the  total  of  1000  are  assumed  to  be  supplied  to  the  input  of  the  target  track- 
ing logic;  based  on  these  300  plots,  the  tracking  logic  will  be  able  to  simultaneous- 
ly detect  a maximum  of  100  target  movements.  It  must  be  particularly  mentioned  that 
both  the  target  tracking  processes  and  all  other  extractor-specific  processing  tasks 
can  be  Jointly  performed  in  a single  computer.  Normally,  these  two  work  packages  re- 
quiring a great  deal  of  real-time  operations  can  be  handled  in  separate  computers 
only.  The  reason  for  this  fact  is  the  combination  of  the  computer  features  described 
above,  the  following  of  which  must  be  particularly  emphasized:  a)  efficient  inter- 
rupt system,  b)  program  flow  acceleration  by  high-speed  register- register  operations, 
c)  hardware  CORDIC  arithmetic  unit. 


4.4.  Computer  Center  for  Program  Generation 

The  user  of  radar  systems  with  freely  programmable  EDP  systems  is  not  so  famil- 
iar with  the  fact  that,  in  addition  to  the  operationally  employed  EDP  system,  a computer 
center  is  required  where  all  programs  are  generated  based  on  optimum  working  aspects, 
and  where  subsequently,  during  the  operating  lifetime  of  the  system,  these  programs  can 
be  maintained,  i.e.  improved  or  adapted  to  new  requirements.  For  an  economical  handling 
of  programs,  extended  peripheral  devices  such  as  high-speed  printer,  tape  devices  and/ 
or  disc  memories  are  required.  Furthermore,  the  main  memory  of  the  computer  should  have 
a higher  capacity  than  that  of  the  operational  system  in  order  to  permit  test  programs 
etc.  to  be  applied.  Fig.  11  shows  the  equipment  of  the  computer  center  set  up  for  the 
generation  of  programs  for  the  3D  radar  described. 


5.  -DISPLAY  PRESENTATION 

In  presenting  3D  radar  information  on  a display,  the  basic  problem  of  presenting 
the  third  dimension,  i.e.  the  height  information,  exists.  In  the  present  application, 
the  requirement  is  limited  to  association  of  the  plots  with  one  height  layer  out  of  a 
total  of  five.  This  is  why  a defined  symbol  shows  that  a target  appertains  to  a defined 
height  layer,  which  means  that  five  different  synthetic  display  symbols  are  available 
in  accordance  with  the  five  height  layers.  (Fig.  12).  To  each  target,  up  to  three  his- 
tory symbols  can  be  assigned,  their  position  permitting  to  extract  the  direction  of 
motion  and  the  speed  (Fig.  12). 

As  in  the  synthetic  situation  display  the  targets,  based  on  the  preceding  computer  eval- 
uation, are  presented  with  their  correct  ground  range  data,  whereas  the  radar  measures 
the  slant  range,  It  is  not  possible  to  directly  superimpose  raw  video  and  synthetic  in- 
formation. For  this  reason,  separate  displays  are  used  for  these  two  types  of  informa- 
tion, i.e.  a 16-inch  monitor  display  for  raw  radar  and  extractor  signals,  and  a 23-inch 
three-colour  display  for  the  computer-processed  information.  (Fcr  extractor  control  - 
without  computer  processing  - the  raw  video  at  the  input  and  the  plots  fed  to  the  com- 
puter can  be  directly  superimposed).  To  Improve  visibility,  it  is  thus  possible  to 
assign  a colour  to  the  symbols,  e.g.  green  to  friendly  targets,  red  to  unknown  or  hos- 
tile targets,  yellow  to  background  information  such  as  radar  site,  map  symbols,  rolling 
ball  symbol  etc. 

Fig.  12  shows  a selection  of  the  most  Important  target  symbols.  Based  on  a picture  up- 
dating frequency  of  40  Hz,  the  display  capacity  of  the  colour  display  amounts  to  1000 
targets  without  history  positions,  or  250  targets  including  three  history  positions  and 
additional  information. 


6.  CONCLUSION 

The  problems  of  plot  extraction  and  plot  processing  in  connection  with  3D  radar 
systems  have  been  discussed  based  on  an  evaluation  system  designed  for  a highly  mobile 
pencil-beam  radar.  Early  in  1976,  evaluation  of  an  engineering  model  completed  after 
several  years  of  development  effort  has  been  started;  manufacture  of  a prototype  is  un- 
der way.  On  the  occasion  of  the  conference  in  June  1976,  it  will  be  possible  to  show 
display  photos  and  to  give  a report  on  Initial  evaluation  results. 

Fig.  13  shows  a photo  of  the  Sensor  vehicle  of  the  3D  radar  with  its  shelter  and  with 
the  antenna  folded  down. 
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7.  ANNEX  TO  3.2.3. 

According  to  [3],  equations  (3-1)  and  (3-4),  the  probability  of  falsa  alarm  W 
the  normalized  threshold  voltage  V and  the  number  M of  pulses  integrated  are  related 
as  follows’  * 
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yf  is  the  normalized  detector  output  voltage  (normalization  to  the  root  mean  square 
noise) . 

In  accordance  with  the  given  value  for  Wf#,  the  extractor's  target  detection  threshold 
must  be  adjusted  to  the  Vg  value  resulting  from  Eq.  (1).  The  probability  of  target  de- 
tection WD,  then,  in  accordance  with  [3],  Eq.  3-5,  can  be  calculated  for  the  "Marcum" 
case  (i.e.  without  considering  any  fluctuations)  from  the  following  relationship: 
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where  x • S/N  • signal-to-noise  ratio  at  the  extractor  input.  With  a constant  false 
alarm  rate  Wfg  and  a correspondingly  adjusted  threshold  voltage  Vs,  the  probability 

of  detection  Wd  is  but  a function  of  the  S/N  ratio  (M  is  given  by  the  number  of  radar 
sweeps  or  number  of  target  echoes  within  the  3 dB  antenna  beamwidth). 

If  target  fluctuations  (Swerllng  cases  1 through  4)  are  to  be  taken  into  account,  it 
is  preferable  to  use  the  extensive  collection  of  curves  contained  in  [4], 
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Fig.  13  Sensor  vehicle  of  the  3D  radar  with  its  shelter  and  with  the  antenna  folded  down 
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DISCUSSION 


My  question  concerns  the  clutter  detector: 

e)  does  It  work  In  renge,  azimuth  or  both? 

b)  does  It  control  the  first  threshold  or  the  second? 

In  the  clutter  detector  the  amplitude  mean  values  of  some  adjacent  range  bins  ahead 
of  and  behind  the  sliding  window  'In  process'  are  determined.  The  result  la  used 
to  adjust  the  target  detection  threshold  In  order  to  maintain  a constant  false  alarm 
rate.  Aa  the  sliding  window  Is  moved  In  accordance  with  the  elevation  scan,  le 
vertically  downward,  the  clutter  detector  works  In  range  and  elevation.  The  Integ- 
rator used  Is  of  the  'Incoherent'  type  which  means  that  the  signal  amplitude  Is 
processed  for  target  detection.  Therefore  only  one  threshold  Is  needed  which  Is  In 
fact  the  target  detection  threshold  (and  can  thus  be  compared  with  the  second 
threshold  of  the  binary  Integrator  normally  used  In  conventional  plot  extractors). 

You  are  tracking  the  targets  and  plot  them  with  symbols.  How  do  you  separate 
unknown  targets  without  IFF? 

The  radar  la  able  to  separate  unknown  targets  according  to  Its  range,  elevation  and 
azimuth  rasolutlon  capabilities.  The  range  resolution,  for  Instance,  Is  determined 
by  the  use  of  pulse  compression,  which  gives  a far  better  range  resolution  than  Is 
needed  for  operational  use  of  the  system.  Therefore,  as  Indicated  In  the  paper, 
a 'data  reduction  unit'  Is  used  to  combine  the  Information  from  several  range  cells. 

On  Fig  20-7  It  says  "Tracking  Is  Initiated  manually  by  the  operator,  as  an  automatic 
Initiation  might  Involve  a high  calculation  effort,  and  lnadmlssably  high  clutter 
ratea  might  result  In  computer  overflow".  What  clutter  cauaea  possible  overflow? 

Do  you  get  any  complaints  from  remote  users  of  the  data  due  to  the  filtering  of 
tracks  caused  by  the  manual  Initiation  of  tracks? 

My  Intent  was  to  emphasise  that,  under  all  circumstances,  a flooding  of  the 
extractor  (and  the  computer)  with  false  targets  should  be  avoided.  The  best  way  to 
do  this  Is  to  use  a highly  effective  signal  processor  In  the  radar,  so  that  the 
clutter  detector  need  not  work,  le  the  target  detection  threshold  remains  unchanged. 
The  clutter  detector  should  have  a 'watch  dog'  function  only. 

■? 

The  use  of  manual  track  Initiation  rather  than  automatic  Initiation  can  be  better 
understood  from  the  operational  purpose  of  the  system.  In  most  cases,  the  3-D 
radar  will  be  used  as  a sensor  system  for  higher  echelon  command  and  control  systems 
and  automatic  tracking  will  then  not  be  used.  In  order  to  extend  the  system  to  the 
possible  function  of  a mini-operation  centre,  tracking  should  be  available  without 
the  need  for  adding  a second  computer,  so  both  plot  and  track  processing  has  to  be 
done  In  this  case  In  the  same  computer.  In  order  to  avoid  uncontrolled  overflow, 
the  most  suitable  way  was  to  omit  automatic  track  Initiation. 

Does  the  tracking  logic  automatically  detect  targets  flying  In  formation? 

No.  The  operator  acquires  dats  on  formation  flights  from  other  sources,  and  he 
Inputs  these  manually  to  the  computer,  which  displays  a special  symbol  for  such 
flights. 
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SUMMARY 


Rigorous  methods  are  presented  here  for  characterizing  and  analyzing  sliding  gate.  Automatic 
Target  Detection  functions  for  3-D  scanning  radars.  Established  detection  techniques  do  not  accurately 
apply  to  this  problem  since  they  do  not  account  for  correlation  properties  associated  with  the  sliding 
action  of  the  gate  in  relation  to  the  azimuth-elevation  hit  pattern.  A typical  approach  might  be  to  con- 
sider Monte  Carlo  computer  simulation  to  iteratively  derive  the  best  Automatic  Target  Detection  function. 
However,  this  method  can  incur  excessive  computer  time  and  manhours  if  the  model  has  not  been  initially 
derived  in  consideration  of  correlation  properties  of  the  sliding  gate.  Here,  through  a stochastic  differ- 
ence equations  approach,  it  is  shown  that  the  desired  detection  function  is  a Markov  process  and,  as 
such,  it  car  be  systematically  derived  relative  to  maximizing  target  sensitivity  relative  to  false  alarm 
requirements.  As  a result,  overall  radar  performance  and  implementation  costs  can  be  quickly 
assessed,  leaving  the  investigation  of  scan  modulation  losses  and  target  location  accuracy  to  the  more 
extensive  resources  required  by  the  process  of  simulation.  Performance  curves  and  design  meth- 
odology are  generated  for  some  particular  examples  for  various  target  models. 

1.  INTRODUCTION 

During  the  past  decade,  digital  processing  techniques  have  heavily  impacted  radar  systems 
design  [Hammers,  D.  E.  , 19741.  One  of  the  most  important  areas  of  application  has  been  that  of  Auto- 
matic Target  Detection  (also  called  Automatic  Plot  Extraction). 

1.  1.  The  Scanning  3-D  Automatic  Target  Detection  Problem. 

The  automatic  detection  process,  in  most  general  terms,  consists  of  integration  and  threshold- 
ing of  envelope  detected  returns  to  automatically  declare  the  presence  or  absence  of  a target.  The 
implementation  from  a digital  sense  can  either  be  an  accumulation  of  full  amplitude  A/D  converted  video 
followed  by  a threshold  (Figure  1)  or  a single  level,  binary,  thresholded  video  followed  by  a binary  inte- 
grator with  a second  threshold  (Figure  2).  In  some  cases,  partially  limited  video  may  be  used  to  reduce 
signal  losses  [Hansen,  V.G.  , 1974],  Here  we  treat  the  hard  limited  detection  approach  (in  particular, 
the  sliding  binary  detector)  because  it  has  been  found  to  save  hardware  when  considering  the  complex 
scan  patterns  found  in  scanning  3-D  radar  systems. 

The  binary  integration  or  second  threshold  process  commonly  applied  is  the  process  of  coinci- 
dence detection,  which  follows  from  the  early  work  of  Harrington  [Harrington,  J.  V.  , 1955]  and  Schwartz 
[Schwartz,  M.  , 1956).  This  type  of  detection  process  is  commonly  called  m out  of  n detection  after  the 
concept  of  Bernoulli  trials  (m  successes  out  of  n trials)  and  is  treated  in  some  detail  in  several  modern 
radar  texts  [Meyer,  D.  P.  ].  When  applying  this  process  as  a "sliding  window"  detector  (for  example  in 
a 2-D  radar),  it  can  be  shown  to  be  equivalent  to  the  commonly  used  "Sequential  Observer"  Detector 
[Skolnik,  M.  I.,  1970],  In  the  latter,  an  accumulated  count  is  increased  by  a constant  on  a thresholded 
hit  and  decreased  by  a constant  on  a miss.  But  the  sliding  m/n  process  is  more  readily  implemented 
for  a 3-D  scan  pattern  since  the  "Sequential  Observer"  would  tend  to  collapse  or  smooth  pattern  returns 
whereas  the  m/n  correlator  processes  the  pattern  relative  to  its  spatial  distribution.  The  problem  is 
further  complicated  in  a 3-D  search  radar  since,  instead  of  a symmetric  pattern,  quite  often  a com- 
plicated rronsymmetric  azimuth-elevation  scan  pattern  must  be  sequentially  tested, 

A major  difficulty  exists  with  the  scanning  or  sliding  3-D  m/n  process.  It  cannot  be  exactly 
analyzed  by  the  method  of  Bernoulli  Trials  mentioned  in  modern  radar  texts  since  each  trial  is  not  sta- 
tistically independent  from  the  previous  trial.  In  fact,  there  does  not  appear  to  be  any  current  unified 
approach  for  designing  this  type  of  automatic  detection  process  for  3-D  scanning  radar.  For  example, 
the  accepted  method  for  determining  the  optimum  threshold  and  correlation  criteria  (m0pj=  1.  5 Yn) 
applies  more  to  the  fixed  dwell  m/n  process  rather  than  the  sliding  gate.  Also  the  sliding  process  will 
tend  to  be  less  "lossy"  relative  to  ideal  integration  than  the  fixed  dwell  since  it  will  not  be  subject  to  tar- 


get  straddle  losses  in  the  azimuth- elevation  planes.  It  is  intended  then,  in  the  following  sections,  to 
present  methods  for  selecting  and  analyzing  the  sliding  m/n  process  in  relation  to  automatically  detect- 
ing both  non- fluctuating  and  fluctuating  targets  in  a 3-D  radar  system. 

A system  analysis  methodology  is  presented  which  is  based  on  characterizing  the  sliding  m/n 
detector  as  a Markov  process  in  terms  of  stochastic  difference  equations.  These  equations  in  effect 
model  the  detection  process  as  a stochastic  operator  which  is  used  to  accomplish  systems  performance 
analyses.  Several  examples  are  presented  to  illustrate  the  derived  methods. 

1.2.  Formatting  the  Problem  in  Terms  of  a 3-D  Beam  Scan. 

The  3-D  scan  which  intercepts  the  target  consists  of  an  interlaced  raster  of  points  (correspond- 
ing to  beam  centers)  sweeping  in  both  the  azimuth  and  elevation  planes  (see  Figure  3).  We  can  assume 
frequency  agility  in  one  plane  or  the  other  but  for  now  this  will  not  be  an  important  issue.  The  target  is 
considered  to  be  a point  source  in  that  its  elevation,  azimuth  and  range  dimensions  are  much  less  than 
the  spacial  extents  of  the  3 dB  azimuth-elevation  beamwidths,  (6^,  6jc)  and  the  transmitted  pulsewidth 
(PW).  The  problem  is  to  sequentially  detect  and  correlate  each  new  return  with  the  appropriate  number 
of  returns  already  received  in  order  to  declare  the  presence  or  absence  of  a target.  The  appropriate 
number  of  returns  ( IM j_j)  corresponds  to  the  average  number  of  returns  within  a boundary  defined  by  8^ 
and  8jp.  Referencing  to  the  3 dB  beamwidths  is  typical  for  radar  sensitivity  performance;  however,  we 
will  be  more  specific  and  assume  a beamshape  loss  of  3.2  dB  relative  to  all  returns  within  1.  1 8y\  x 1.  1 
8e  [Blake,  L.  V.  , 1969].  Thus  our  analysis  will  be  independent  of  scan  modulation.  As  shown  later, 
scan  modulation  can  be  accounted  for  more  exactly  by  simulation. 

The  sliding  coincidence  gate  should  simultaneously  correlate  a number  of  returns  less  than  or 
equal  to  depending  upon  the  criteria  selected.  The  matched  coincidence  process  is  one  which  simul- 
taneously correlates  NH  returns  every  time  a new  return  is  received.  We  will  call  this  a Matched 
Correlation  (MC)  Detector.  Each  positioning  of  the  gate  depends  upon  the  sequential  format  of  the  azi- 
muth-elevation scan.  For  purposes  of  example  we  will  always  assume  that  the  beams  are  sequentially 
transmitted  along  an  elevation  plane  and  then  the  scan  is  stepped  in  azimuth  and  another. elevation  scan 
is  completed.  In  this  manner  the  MC  Detector  sequentially  correlates  the  returns  as  shown  in  Figure  4. 
A Leading-Edge  Correlation  (LEC)  Detector  can  be  implemented  when  less  than  Njj  returns  are  simul- 
taneously correlated  (see  Figure  5).  While  the  LEC  Detector  is  less  sensitive  than  the  MC  Detector,  it 

is  easier  to  implement  since  less  memory  is  required.  Basically,  it  becomes  a multi-level  correlator 
as  opposed  to  the  single  level  "matched"  correlator.  The  performance  equations  developed  in  the 
following  sections  will  be  applied  to  both  types. 

2.  STOCHASTIC  DIFFERENCE  EQUATION  FORMULATION  OF  THE  SLIDING  COINCIDENCE 

DETECTOR 

The  analytical  methods  to  be  applied  here  depend  on  describing  the  action  oi  the  sliding  corre- 
lator by  difference  equations.  It  will  be  shown  that  the  equations  consist  of  higher  order  differences  of 
random  variables,  and  therefore  can  be  classified  as  stochastic  difference  equations.  From  this 
description  we  will  be  able  to  show  that  the  sliding  coincidence  detector  is  a Markov-k  process 
[Papoulis.  A.  , 1965]  (k  being  the  highest  order  difference).  As  such,  the  method  of  characteristic 
equations  (similar  to  that  applied  by  Feller  to  the  Gamblers  Ruin  problem  [Feller,  W.  , 1950]  will  be 
used  to  derive  importart  performance  measures  for  automatic  detection.  In  the  following  a rather  sim- 
ple scan  pattern  is  considered  as  the  input  signal  space  to  develop  the  equations  for  a Matched  Correlator 
This  will  be  extended  to  a more  complex  pattern  where  the  equations  for  a Leading  Edge  Correlator  will 
be  discussed.  Note  that  while  specific  patterns  a;e  used  for  both  cases,  the  principles  are  general  and 
can  be  applied  to  different  conditions. 

2.  1.  Matched  Correlation  Detector. 

Consider  the  scan  pattern  shown  in  Figure  6 where  it  can  be  shown  that  NH  equals  4 hits  on  the 
average  within  the  beamwidth  criteria.  The  Matched  Correlator  implies  that  N„  * n,  so,  as  the  scan 
progresses  (in  this  case  up  elevation  scan  A),  an  m/4  test  must  be  made  for  each  new  beam  p-  ition 
Aj,  K%,  A3.  . . . Now  define  the  following  probabilities; 

p Probaoility  of  a single  return  crossing  the  threshold 

9 * 1 - P 

Sj^fm/N^)  £ Probability  that  the  gate  will  not  have  gone  true  on 
or  before  the  Nth  trial.  That  is,  m successes 
will  not  occur  within  any  contiguous  four  hits. 

Sequential  detection  logic  can  be  mechanized  in  relation  to  detecting  the  target  as  elevation  scan  A 
develops  (see  Figure  6).  Letting 

Gj^lm/n)  * m/n  conditions  met  in  detection  gate  at  the  Nth  trial 
(threshold  crossings) 
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From  the  above  logic,  truth  tables  can  be  formulated  to  illustrate  the  Markov  properties  of  the  detection 
gate  (see  Table  1).  The  desired  stochastic  difference  equations  for  SN  are  written  as  linear  combina- 
tions of  the  non- redundant  a priori  conditions,  vis 


Sn(1/4,  = 

qSN-l 

(2-5) 

Sn<2/4)  = 

qSN-l  +Pq3  SN-4 

(2-6) 

V3/4>  " 

q SN-1  + Pq  SN-2  + q2p2  SN-4  ' q3p3  SN-6 

(2-7) 

Sm(4/4)  = 

N 

q SN-1  + qP  SN.2  + qp2  SN-3  + qp3'SN-4 

(2-8) 

Notice  the  negative  coefficient  associated  with  the  term  for  the  3/4  detector.  This  was  necessary 

to  negate  an  extra  event  added  to  the  SN  probability  space  by  the  qpSj^_2  t®rm-  Similar  equations  can 
be  derived  for  larger  values  of  N^;  however,  the  non- redundant  conditions  become  more  difficult  to 
derive.  The  equations  for  m/5  are  given  in  Appendix  B. 


2.  2.  Leading  Edge  Correlation  Detector. 

A hit  analysis  of  the  sample  scan  pattern  shown  in  Figure  7 reveals  that  an  N^  of  about  16  hits 
exist.  These  hits  can  be  correlated  over  at  least  3 beams  in  the  elevation  plane  and  8 separate  eleva- 
tion scans  in  the  azimuth  plane,  thus  requiring  16  delay  elements  to  save  all  the  hit  data  for  a Matched 
Correlation  Detector.  Instead  we  apply  a 2-dimensional  Leading  Edge  Detector  with  me/3  x ma/4 
requiring  only  about  1/2  the  total  delay  elements.  Sequential  detection  logic  for  this  approach  results 
as  follows: 

Define: 


"V  = 


successful  threshold  crossing  in  elevation  scan  A, 
beam  position 

successful  meeting  of  the  elevation  gate  criteria 
at  azimuth  position 

successful  meeting  of  the  azimuth  gate  criteria  at 
azimuth  position 
logic  "or" 


Then  for  a particular  criteria,  m /n  x m /n  = 2/3  x 2/4,  we  have, 
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Similar  equation*  can  be  written  for  different  values  of  m /n  x m /n  . 

e e a a 

To  develop  the  Markov  analysis  for  the  Leading  Edge  Correlator,  separate  difference  equations 
are  derived  for  the  elevation  and  azimuth  planes.  Following  the  model  established  in  Figure  7 and  the 
above  logic,  we  apply  Equations  (2-5)  through  (2-8)  for  the  azimuth  plane.  Further,  it  is  clear  that  the 
following  equations  can  be  applied  along  the  elevation  plane. 


"N 


N 
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q SN  -1 
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(2/3)  = 

q SN  -1  +P^  SN  -3 

(2-15) 

e e 

(3/3)  = 

q SN  -1  +qpSN  -2  +qp2j5N  -3 

e e e 

(2-16) 
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PROBABILITY  OF  FALSE  ALARM 


The  Probability  of  False  Alarm  (Pp)  will  be  defined  in  a manner  similar  to  that  discussed  in 
Meyer  and  Mayer  [Meyer,  D.  P.  , 1973]  where  they  refer  to  Kaplan's  and  McFall's  Pp  as  the  inverse 
of  the  average  time  between  false  target  indications.  In  that  sense,  our  Pp  will  be  the  ratio  of  the  aver- 
age time  that  the  sliding  correlation  is  true  to  the  sum  of  the  average  times  it  is  false  and  true.  Here 
we  consider  the  input  to  the  gate  to  be  binary  thresholded  white  Gaussian  noise  which  is  uncorrelated 
pulse-to-pulse.  Correlated  noise  (distributed  clutter)  could  also  be  treated  by  the  stochastic  difference 
equation  approach  but  it  is  quite  complicated  and  a subject  for  further  work.  Wirth  [Wirth,  W.  , 1968] 
presents  some  simulation  results  for  the  one-dimensional  sliding  window  in  correlated  noise. 

Let  Dj  be  the  average  number  of  trials  (number  of  azimuth-elevation  beam  positions  at  a par- 
ticular range  bin)  that  the  correlation  gate  stays  true  and  Dq  be  average  number  of  trials  the  gate  stays 
false,  then  from  the  discussion  above  it  follows  that 


Dl  + D0 


(3-1) 


Defining  p^  as  the  single  crossing  Probability  of  False  Alarm  where  [Marcum,  J.  I.  , 1948] 

-Yb 

Pf  = e 

and  Y = — , d = threshold,  <J  - RMS  noise  level. 

D tW  O 


(3-2) 


Normally  p^  < < 1 so  that  D^>>  Dj  and  for  small  values  of  n,  Dj  *>  1 thus  we  can  write 


Pf  = D0 


(3-3) 


Now  note  from  the  definition  of  S.,  that 

N 


1 - SN  = Probability  that  gate  goes  true  sometime  between  trials  1 and  N 
Also  let  T^  be  the  probability  that  the  gate  goes  true  exactly  at  the  Nth  trial,  then 


1-SN  = t1+t2  + t3  + ....  +TN 


(3-4a) 


-s 
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ind  ‘ * SN-l'  T,  +Ti  +T3  +"-*  +TN-1 

°r  tn  1 'Vi'V 


(3 -4b) 
(3-5) 


Now  since  P(  <'-  1 w(  can  reasonably  assume  that  an  all  aero  initial  state  exists  when  the  gate  is  off,  so 
that  the  average  number  of  trials  existing  from  the  gate's  initial  state  to  the  trial  it  first  turns  on  can  be 
determined  from: 


Do  ■ „£  , " tn 


(3-6) 


Kquation  3-6  above  is  solved  by  computing  the  first  moment  from  the  characteristic  function  (or  in  this 
case  polynomial),  f(x),  of  T^.  Letting 


fix  I = E(XN)  - r x nt„ 


(3-7) 


N=0 


it  follows  that 


D0  “ ,<X'|  x=l 


(3-8) 


In  Appendix  A the  method  of  solving  for  Dq  is  illustrated  when  m/n  is  3/4.  In  a similar  fashion  we  ran 
solve  Dq  for  ther  m/n  conditions  as  shown  in  fable  2 for  all  nontrivial  eases  of  m/2,  up  to  m/5.  Pp  is 
then  computed  for  the  Matched  Correlation  Detector  by  applying  Equation  (3-3)  directly.  Pj-  for  the 
Leading  Edge  Detector  is  found  by  applying  Equation  (3-3)  first  on  the  elevation  criteria  mp/np  and  then 
using  this  result  on  the  azimuth  criteria  ma/n,  as  shown  below. 


Let 


probability  of  False  Alarm  function  out  of  elevation  gate 


probability  of  False  Alarm  function  out  of  azimuth  gate 


then 


P 


F 


PF  (Pr  <Pf» 


where 


I 


D0(ma/n.’ 
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1 

D (m  /n  ) 
0 e e 


4.  PROBABILITY  OF  DETECTION 

Since  we  are  not  considering  the  effects  of  scan  modulation  the  Probability  of  Detection  will  be 
dependent  on  the  threshold  determined  from  Pj-  analysis  above,  N^j,  the  target  model  (input  single 
pulse  sni)  and  the  sliding  gate  correlation  function  defined  by  the  previous  stochastic  difference  equa- 
tions. In  general,  it  follows  from  the  definition  of  SN  that  for  N hits  on  the  target 


P (m/n)  = 1-S  (m/n) 
N 


(4-1) 


4.  1.  Matched  Correlation  Signal  Detection. 

For  the  MC  Detector,  we  seek  to  determine  P[3 

pled  by  the  sliding  matched  gate,  i.  e.  , P (m/n-eN.,). 

Dn  H 

from  Equations  (2-6)  and  (4-1)  that 


relative  to  the  instant  the  Nu*^ 
N H 

For  example,  considering  m/n  = 


beam  is  sam- 
2/4,  we  have 


computation  of  th*  height  value,  converaion  of  target  coordinates  from  rho/theta  into 
X/Y  coordinates,  etc.,  preparation  of  lnforaation  for  narrow-band  transmission , as  well 
as  system  monitoring  using  a computer-controlled  display.  This  includes  also  the  ope- 


P (2/4)  * 1-S  (2/4) 

4 


Under  the  above  assumptions,  and  since  pf  <<1,  the  gate  can  be  assumed  loaded  with  all  zeroes  prior 
to  sampling  the  NH  target  returns.  Letting  pd  be  the  Probability  of  a single  beam  threshold  crossing 
when  signal  is  present,  P (2/4)  is  determined  as  follows: 

4 

so  * 1 

s.  * 1 


52  = ‘‘Pa 

53  = <’d,,+2Pd) 


Pd^(2/4)  . 6p^-  8p‘  + 3p*  14-4 

Note:  This  equation  is  identical  to  the  2/4  fixed  window  Bernoulli  trials  result.  So  when  N for  the 

MC  Detector,  fixed  window  analysis  holds  only  for  detection.  False  alarm  analysis  still  follows  the 
previous  section. 


Additional  equations  for  other  m/n  conditions  are  given  in  Fable  3.  For  a non- fluctuating  (Marcum) 
target  it  is  well-known  [Marcum.  J.  1.,  1948]  that 


Pd  • / Qi«.  r>  dy 


whs  re  QM  = Marcum  Q function 


x * single  pulse  snr 


Thus  the  x corresponding  to  the  required  P _ is  solved,  for  the  2/4  case  for  examole,  by  applying 

<4  4)  and  (4-8).  For  a fluctuating  target,  that  is.  Swerling  ( ase  1 [Swerling.  P.  , 19*>4],  the  average 
value  of  P has  to  be  computed  relative  to  the  target  snr  probability  density  function.  Let  p(x,  5)  be 
UN 

this  density  function  with  i the  average  value  of  x then  it  follows  for  the  Case  1 target  that 


pd  * / p'"-  ■ 


) P la)  da 

N 


whara  P la)  i.  th»  probability  of  the  *lldln|  gate  being  true  and  for  a square 

°N 

law  detector 


pin,  at  • 3 e**^  la*  0) 


and  for  the  enample  of  m/n  a (2/4), 


2 .3  4 

\1k)  " ^ Qia‘  Y)  ^ Q<’‘’  V>  J Q(X-  y)  dy)  <4'6 

If  all  return,  can  be  made  etatietically  independent  (e.  g. , completely  decorrelating  the  target  with 
frequency  agility)  then  it  follow*  [Swerling,  I’.,  1994]  that 


(4-7) 
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and  x is  solved  by  successive  applications  of  (4-4)  and  (4-7).  Partial  decorrelation  by  frequency  scan- 
ning results  in  a more  complicated  set  of  equations  and  will  not  be  presented  here.  Needless  to  say  it 
is  bounded  by  the  results  obtained  from  (4-6)  and  (4-7).  Specific  results  for  this  case  can  be  obtained 
by  simulation  as  discussed  in  a later  example. 

4.2.  Leading  Edge  Correlation  Signal  Detection. 

For  the  LEC  Detector  we  seek  to  determine  P relative  to  the  instant  the  N beam  is  sam- 

°N  h 

pled  by  the  combination  of  sliding  elevation  and  azimuth  gates.  Here  it  is  assumed  that  both  n and  n 
are  less  than  N^.  Further,  for  sake  of  example,  we  assume  the  elevation  criteria  is  matched^to  the  a 
average  number  of  hits  within  the  elevation  beamwidth  criteria;  whereas,  the  azimuth  criteria  is  some- 
what less  than  the  azimuth  beamwidth  criteria  such  that 

n <P  (4-8) 

a 

where  P represents  the  number  of  elevation  scans  eclipsed  along  the  azimuth  plane.  Figure  8 illustrates 

for  (n  , n ) = (3,4).  Letting  (m  , m ) be  (2,2)  then  the  full  detection  criteria  over  Nrr  hits  become 
e a e a H 

m / n Xm  /n  X P = 2/3  X 2/4  X P (4-9) 

e e a a 


The  LEC  Detector  model  is  determined  from  the  simultaneous  solution  of  Equations  (2-15)  and  (2-6) 
where  N -•  P in  the  latter.  Then  depending  on  the  statistic  al  target  model  (4-5),  (4-6)  or  (4-7)  are 
applied  to  find  the  required  single  pulse  snr. 

5.  EXAMPLES 


The  following  section  attempts  to  illustrate  the  method  of  analyzing  the  sliding  3-D  detector  by 
simple  example.  Extensive  performance  curves  could  be  generated  in  relation  to  increasing  the  number 
of  hits.  However,  it  was  felt  that  this  should  be  left  to  the  analyst  depending  on  his  particular  scan 
program  and  beam  shapes. 

5.  1.  Matched  Correlation  Detector. 


The  object  here  will  be  to  generate  a set  of  pertinent  performance  curves  for  the  MC  Detector 
for  the  particular  case  of  N^j  = 4 hits.  Applying  the  equations  of  Table  2 for  n = 4,  the  (Pp,  pj)  curves 
of  Figure  9 can  be  developed.  The  Probability  of  Detection  versus  snr  is  investigated  for  various  val- 
ues of  Pp  by  computing  the  threshold  from  the  corresponding  values  of  p^-  from  these  curves.  Then 
the  equations  of  Table  3 are  applied  for  m/n  = 2/4,  3/4  and  4/4  and  the  snr  target  model  is  included 
from  Equations  4-5,  4-6  or  4-7.  A set  of  resulting  target  sensitivity  curves  are  shown  in  Figure  10 
for  pf  = 10”^.  Note  that  if  a Pp  of  about  10"^  was  desired,  the  3/4  criteria  is  best.  On  the  other  hand 
we  see  that  added  sensitivity  may  be  obtained  by  using  the  2/4  detector  but  another  set  of  curves  would 
have  to  be  generated  for  p£  = 10"^.  Another  important  point  to  note  is  the  severe  penalty  paid  in  rela- 
tion to  the  target  fluctuation  model.  Notice  that  the  "harder"  sliding  m/n  criteria  (i.  e.  , closer  m 
approaches  n)  causes  high  snr  penalities.  In  particular  notice  that  the  Case  II  target  is  more  "lossy" 
than  the  Case  I target  for  m * n.  This  is  due  to  the  fact  that  it  is  more  difficult  for  all  the  returns  of  a 
pulse-to-pulse  fluctuating  model  to  cross  the  threshold  than  for  all  pulses  of  group  fluctuation.  This, 
of  course,  is  just  the  opposite  of  the  ideal  summing  results  and  would  also  be  true  for  the  fixed  coinci- 
dence detector.  Finally,  if  the  sliding  MC  Detector  is  compared  to  ideal  video  integration  of  4 pulses, 
about  1-1.2  dB  loss  is  apparent  (see  Figure  10  for  the  2/4  NF  case).  This  is  about  .5  dB  less  than  the 
fixed  coincidence  detector  since  extra  patterns  are  sensed  by  the  overlapping  action  of  the  sliding  gate. 


5.2. 


Leading  Edge  Correlation  Detector 


The  object  here  will  be  to  generate  a set  of  pertinent  performance  curves  for  a 3-D  scan  in 
which  about  24  hits  occur  within  1.  1 0p  x 1.  1 0^  such  that  about  3 hits  on  the  average  occur  along  each 
elevation  scan.  This  type  problem  is  illustrated  back  in  Figure  8 where  an  LEC  Detector  is  suggested 
for  (ne,  n^,  P)  = (3,  4,  8).  The  (Pp,  p^)  analyses  can  be  investigated  by  substituting  the  appropriate 
equations  of  Table  2 into  Equation  3-9.  Comparing  the  performance  of  two  criteria,  i.  e.  , 


/n  X m /n 
e e a a 


{(2/3  X 2/4),  (3/3  X 2/4)) 


(5-1) 


we  have. 


-1 


2 -Q. 


PF  (1  - Qf 

• e 


(5-2) 


Plotting  (P  , p ) as  in  Figure  9,  it  can  be  shown  for  P, 


m^/n^  of  2/3  and  3/3  respectively.  Target  sensitivity  is  investigated  by  comparing  the  two  criteria 
for  P = 8,  or  when 


we  have 


and  upon  solving  (2-6)  and  (4-1)  for  N = 8 it  follows  that 


Establishing  a single  equation  relating  P_  to  p,  by  substituting  (5-7)  and  (5-8)  into  (5-9)  is  tedious. 

D8  .d 

Instead  we  plot  all  three  equations  on  a single  input-output  probability  graph  as  shown  in  Figure  11  and 

graphically  solve  for  the  final  (P  , p ) curves.  Target  sensitivity  curves  can  then  be  generated  from 

Dg  d 

these  results  and  Equations  (4-5),  (4-6)  and  (4-7)  as  shown  in  Figure  12.  Notice  that  we  did  not  "harden" 
the  detection  criteria  enough  here  to  cause  the  Case  III  target  to  exhibit  better  performance  than  the 
Case  II  as  in  the  MC  example.  This  LEC  Detector  loses  about  2.  5-3  dB  over  ideal  integration  of  24 
pulses  at  Pp  = 10_D  for  the  non- fluctuating  target  (see  Figure  12).  Similar  losses  can  be  determined  for 
the  fluctuating  target  models.  Recall  from  the  previous  example  that  the  MC  Detector  losses  were  not 
of  this  magnitude  for  4 pulses  but  the  cost  to  build  a 24  MC  Detector  would  be  prohibitive. 


CONCLUSION 


A method  for  designing  and  analyzing  an  automatic  target  detection  function  for  a scanning  3-D 
radar  has  been  presented.  We  purposely  avoided  computer  simulation  methods  since  the  goal  was  to 
develop  the  theory  necessary  to  derive  a detection  model  that  would  be  applied  at  the  beginning  of  simu- 
lation analysis.  For  example,  a simulation  to  investigate  false  alarm  performance  can  be  very  costly 
and,  at  best,  is  still  usually  an  approximation.  In  Section  3 a method  for  deriving  a closed  form 
expression  for  the  Probability  of  False  Alarm  was  developed,  so  the  foregoing  activity  is  not  needed. 


Since  binary,  scanning  3-D  Automatic  Detection  is  a non-linear  process,  several  aspects  of  it 
have  to  be  addressed  by  simulation.  Signal-to-noise  ratio  losses  due  to  antenna  scan  modulation  fall 
into  this  category;  however,  as  pointed  out  in  Section  1,  a 3.  2 dB  loss  usually  associated  with  Gaussian 
Beams  (1.  6 dB  in  each  angle  plane)  [Blake,  L.  V.,  1969]  can  be  taken  without  the  use  of  simulation. 
This  issue  of  angle  accuracy  for  target  location  is  heavily  dependent  on  beam  shape  and  as  a result, 
Monte  Carlo  analysis  seems  to  be  the  best  mears  for  investigation.  It  can  be  shown  by  simulation 
[Landreth,  J.  H.  , 1976]  that  the  method  of  Edge  Point  Estimation  provides  very  good  angle  accuracy 
when  applied  to  the  sliding  binary  detector.  The  issue  of  partially  correlated  returns  due  to  frequency 
• r spatial  decorrelation  within  the  3-D  hit  pattern  results  in  extremely  complicated  Pp  equations 

*i  hi  oar*'  “ ^ ..M  only  worthwhile  to  generate  exact  equations  for  those  pat- 

in  Nr*  •-  hij  / 4).  Thus  simulation  analysis  would  also  be  very 
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APPENDIX  A 

DERIVATION  OF  GATE  DURATION  FOR  3/4  SLIDING  CORRELATION  DETECTOR 

The  Probability  of  the  3/4  sliding  detector  not  being  true  by  the  N*^  trial  is  described  by  the 
following  stochastic  difference  equation 


SN  * q SN-1  * 1X1  SN-2  ■q2p2sN-4  + q3p3sN-6  = ° 


(Al) 


subject  to  the  initial  conditions. 


1 

1 

1 

i - p3 

2 2 
q (1  + 2p  + 3 p ) 

q3 ( 1 + 2p  + 3 p2)  + q2(p  + 2 p2) 


(A  1 — 1 ) 
(A  1 -2 ) 
(A  1 -3 ) 
(A  1-4) 
(A  1 —5) 
(A  1-6) 


Defining  the  characteristic  function  f(x)  as 


f(x) 


Z S 

N=0 


N 


(A2 ) 


the  following  equations  can  be  formed: 


f(x) 


z Snxn  + r s xr 


N=0 


N=6 


(A3) 


..  . t c N _ c N 

-qxf(x)  = -q  E s x -q  Z S-,  ,x 

N=1  N=6 


( A4 ) 


Z„  . _ N _ „ N 

-qpx  f(x)  = -qp  Z S x -qp  Z S x 

N=2  N=6  N 


(A5) 


2 2 4 2 2 1,  N 2 2—  f 

-q  p x f(x)  = -q  P = SN_4x  - q P * \,_4X 

N=4  N -6 


(A6I 


3 3 6 3 3 - _ N 

qpx  f(x)  = q p Z S x 

N=6 


(A7) 


Summing  (A3)  through  (A7)  and  from  (Al)  it  follows  after  some  manipulation  that 

„ , i,  2 224336, 

fix)  | 1 - qx  - qpx  -qpx  +qpx]  = 


so + ,srqSo,x  + <s2-qSi  -qpS0)x 


,Sl‘qS2*qpSl,x3  + (S4*qS3  "qpS2  -q2pZs0)x4 


„ spf>, -q^p^Sjix5 


(A  8) 
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Applying  the  initial  conditions  (Al-1)  to  (Al-6),  f(x)  becomes 


f(x) 


1 4 

1 


22  23  34  235 

px-tpx  4 p qx  -qpx  -qpx 

2 2 2 4 3 3 6 

-qx-qpx-qpx  +qpx 


(A9) 


But  from  equation  (3-8)  the  expected  Duration,  D^,  that  the  sliding  gate  is  not  true  is  determined  as 

(A10) 


Dq  = fix) 


x=  1 


so  that  finally  we  have 


2 2 3 

. l+p+p  + p q - qp  ( 1 +q) 

0 2 2 34 

p (1-q  + pq  ) 


(All) 


APPENDIX  B 

STOCHASTIC  DIFFERENCE  EQUATIONS  FOR  m/5  GATE 


p - Probability  of  a threshold  crossing  on  any  hit. 
q i 1 - P 


S^(m/5)  = Probability  that  the  gate  will  not  have  gone  true  on  or  before  the  N**1  trial. 
When  m successes  out  of  5 attempts  define  the  sliding  gate. 


S 11/5)  = qS 


N-I 


SN(2/5)  “ q SN-1  + 


Sn(3/5)  = lSN.l  + pq2sN-3  + 2p2<,3sN-5*pJq5sN-8  -p4t|6sN-10 
Sn(4/5)  - q Su  l 4 pqSN  2 4 pVsn.4  + ' pVsn_?  - pVsn.,0 

sN(S/»)  = q SN_,  4 qpSN_2  4 qp^.,  4 pq\.4  ♦ qp\_5 


(Bl) 
( B2) 
( B3) 
(B4) 
( B5) 
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Fig.  1 Full  amplitude  ATD  process 
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Fig.3  Typical  3-D  search  scan 
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Fi*.4  Example  of  fully  matched  correlator 
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Fig.  5 Example  of  leading  edge  correlator 
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Fig. 6 Four  hit  example  of  MC  detector 


Fig.  10  Probability  cf  detection  vs  snr  for  m/4  matched  correlation  detector 
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Fig.  12  Leading  edge  correlator  sensitivity  plots 


DISCUSSION 


H FANCY: 

D F HAMMERS: 
K MILNE: 


D F HAMMERS: 


A L C QUIGLEY: 


D F HAMMERS: 


C A VAN  DER  SPEK: 


D F HAMMERS: 


Do  you  make  an  allowance  In  your  analysis  for  range  quantisation  effects,  and  does 
it  make  the  analysis  more  difficult? 

I presume  you  mean  range  straddling  effects.  We  allow  for  this  by  Introducing  a 
loss  factor  into  the  signal-to-noise  figures. 

The  assumption  of  constant  probability  of  first  threshold  crossings  suggests  that, 
for  small  M out  of  N,  the  results  are  slightly  pessimistic,  since  some  hits  will 
have  a higher  probability  than  average.  Conversely,  for  large  M out  of  N,  the 
results  may  be  slightly  optimistic.  Could  the  author  comment  on  this? 

Since  the  detector  analysed  is  a hard-limited  non-linear  process,  its  performance 
is  always  characterised  by  a SNR  loss  relative  to  ideal  amplitude  integration.  The 
analysis  presented  gives  exact  results  for  this  relative  to  Nh  uniformly  weighted 

pulses  between  the  3 dB  beamwidths.  As  with  linear  integration  analysis,  inclusion 
of  amplitude  modulation  considerably  complicates  the  probability  equations.  Thus  we 
leave  this  effect  to  be  determined  by  simulation  as  a SNR  loss  relative  to  the  nose 
of  the  beam  after  the  optimum  correlation  criterion  is  determined  by  analysis.  I 
have  not  made  a trade-off  study  to  determine  the  possible  relationship  between 
correlation  criterion  and  scan  modulation  loss.  It  would  probably  be  interesting  to 
do  ao. 

In  methods  of  analysis  based  on  Markov  chains,  one  can  explicitly  build  in  the 
beam  shape,  thereby  reflecting  the  fact  that  the  probability  of  threshold  crossing 
varies  as  the  beam  scans  through  the  target.  I understand  from  your  paper  that  you 
assume  the  beam  to  be  rectangular  - that  is,  you  treat  the  probability  of  a threshold 
crossing  as  a constant.  Could  you  comment  please? 

Including  the  beam  shape  modulation  would  greatly  complicate  the  Markov  stochastic 
difference  equations  when  signal  is  present  since  each  term  would  be  multiplied  by 
different  combinations  of  Pj,  p1_1,  p^j,  etc.  This  would  make  the  analysis  problem 

for  the  system  designer  very  difficult.  We  choose  to  leave  the  effect  of  beam 
modulation  to  simulation  after  the  fixed  amplitude  analysis  is  complete. 

Could  you  consent  on  your  assumption  that  there  are  4 or  more  beam  centre  positions 
within  the  3 dB  contour?  Is  this  because  you  want  to  prevent  the  need  for  a mono- 
pulse facility? 

The  number  4 was  selected  for  purpose  of  example.  The  analysis  technique  presented 
will  accomodate  any  number  of  hits  per  beamwldth. 
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TtSTS  NON-PAR  AM  KTRIQUKS  APPLIQUKS  AU  RADAR 


R.Carre 
Thomson -CSF 
Malakoff.  France 


RP.SUME 


Les  tests  "non  parametriques"  peuvent  etre  utilises  dans  le  traitement  de  la  video  radar.  I Is 
sont  particulidrement  utiles  pour  les  radars  qui  ne  peuvent  pas  s£parer  les  cibles  du  flutter  par 
filtrage  Doppler. 

le  traitement  base  sur  ce  principe  permet  d'obtenir  une  fausse  alarme  constante  inddpendante  de 
la  puissance  du  Clutter  et  de  la  forme  de  sa  distribution. 

Un  exemple  d'application  est  dficrit.  La  video  radar  est  6chantillonn6e  et  codfe  en  num£rique. 
Les  valeurs  sont  conserves  en  mfimoire  sur  4 recurrences  successives.  Le  test  consiste  3 comparer 
les  signaux  s6lectionnfis  dans  une  fenetre  glissante.  Cette  fai;on  de  proc6der  ressemble  au  travail 
d'un  op^rateur  qui  exploite  un  indicateur  panoramique  : il  compare  tout  signal  fort  3 son  entourage 
pour  decider  qu'une  cible  est  presente. 

Les  performances  sont  comparees  a cel les  des  tests  classiques,  on  montre  que  1 ' independance  aux 
caracteristiques  du  bruit  est  acquise  sans  perte  importante  d' information. 


t - INTRODUCTION 

Les  tests  "non  parametriques"  permcttent  d'ohtenir  des  detections  3 fausse  alarme  constante 
quelle  que  soit  la  distribution  du  bruit  ou  du  Clutter  superpose  aux  signaux  utiles.  Les 
performances  de  la  detection  restant  voisines  de  celles  du  filtre  adapt6. 

Ces  tests  peuvent  ?tre  utilises  dans  le  traitemen^  de  la  video  radar.  I Is  sont  part icul idrement 
interessants  lorsqu'il  n'est  pas  possible  de  sCparer  les  cibles  du  Clutter  par  filtrage  Doppler, 
c'est  par  exemple  le  cas  des  cibles  marines  et  du  Clutter  de  mer. 

Pour  obtenir  une  bonne  efficacite  des  tests  non  parametriques , il  est  necessaire  que  les 
echantillons  de  Clutter  ne  soient  pas  correies.  On  obtient  la  decorrelation  en  faisant  varier 
la  frequence  du  radar  3 chaque  emission. 

Les  etudes  th6oriques  des  tests  non  parametriques  et  de  leurs  applications  au  radar  ont  6t6 
effectuees  au  CHTUEDHC.  Les  resultats  ont  6te  publies  dans  la  revue  CHTHHDEC. 

line  maquette  de  traitement  video  a 6te  rfalisee  par  THOMSON-CSF  sous  contrat  DRME.  Les  essais 
ont  ete  effectuCs  sur  signaux  simuies  et  sur  signaux  reels  enregistrfs  3 bord  d'un  avion  muni 
d'un  radar  de  surveillance  de  la  mer.  Les  resultats  sont  satisfaisants,  la  video  est  parfaitement 
normal isee,  la  qualite  des  images  sur  un  indicateur  panoramique  est  fortement  ameiioree  ce  qui 
reduit  beaucoup  la  fatigue  de  l'operateur  assurant  ainsi  de  meilleures  performances  de  detection. 
On  peut  aussi  envisager  3 l'avenir  des  dispositifs  de  detection  automatique  dans  des  conditions 
difficiles  telles  que  la  presence  de  Clutter  de  mer. 

2 - PRINCIPES 

II  existe  plusieurs  sortes  de  tests  "non  parametriques"  qui  peuvent  etre  classes  en  deux 
categories  : 

- les  tests  3 un  echantillon 

- les  tests  3 deux  echantillons  appeies  aussi  tests  de  rang. 

Dans  les  tests  3 un  seul  echantillon,  on  se  base  sur  la  connaissance  a priori  de  la  distribution 
du  signal  pour  decider  de  sa  presence  dans  le  bruit  ou  le  Clutter  (par  exemple  : test  de  signe, 
test  de  la  mediane). 

Dans  les  tests  3 deux  echantillons,  on  compare  deux  sequences  de  signaux  : 

- une  premidre  sequence  dite  "echantillon  litigieux"  formee  des  mesures  pour  lesquelles 
on  doit  decider  de  la  presence  ou  de  l'absence  du  signal  utile, 

- une  seconde  sequence  dite  "echantillon  temoin”  qui  est  formee  de  mesures  de  hruit  ou 
de  Clutter. 

Les  tests  3 deux  echantillons  ont  ete  choisis  3 cause  de  leurs  meilleures  performances  en  detection 
radar.  Le  test  de  rang  qui  a servi  de  base  au  traitement  a ete  etudie  3 l'origine  par  WILCOXON. 

Son  principe  est  rappeie  3 la  figure  1. 

Les  signaux  des  deux  sequences  sont  compares  sur  une  meme  echelle  d'amplitude.  Le  rang  pris  sur 
cette  echelle  constitue  la  nouvelle  valeur  attrihuee  3 chaque  signal.  la  decision  est  obtenue 
en  comparant  la  so rone  des  rangs  3 un  seuil  fixe  dont  la  valeur  est  rCgiee  en  fonction  de  la 
probabilite  de  fausse  alarme  tolerable. 


L'analyse  thfiorique  de  ce  test  permet  d'6noncer  les  propri6t6s  suivantes  : 

1)  I,e  rfisultat  ne  depend  pas  de  la  puissance  du  bruit.  Le  test  agit  canine  un  controle  de  gain 
automat  ique 

2)  La  distribution  du  bruit  est  normalisfie.  Quelle  que  soit  la  distribution,  la  comparaison 
d'une  sequence  de  bruit  de  l'Schantillon  litigieux  3 une  sequence  de  meme  bruit  de 
1 'fichantillon  tftnoin  foumit  des  valeurs  des  rangs  6quiprobables. 

Afin  d'obtenir  de  meilleures  performances  en  prfsence  de  bruit  thermique,  il  est  possible 
d'utiliser  une  expansion  avant  d'effectuer  la  somnation  des  rangs.  Ceci  ne  modifie  pas  les 
proprifitfs  fnonc^es  prfcfdemment . 

Contr81e  de  la  fausse  alarme 

Avec  un  test  non  paramftrique,  la  probability  de  fausse  alarme  minimale  que  l'on  peut  controler 
est  bomfe.  Cette  borne  dfipend  du  rang  maximal  n que  l'on  peut  obtenir  (exemple  : n « 10  3 la 
figure  1).  Pour  un  bruit  non  corr6iy,  on  la  relation  suivante  : 

PFA  min  - 

\nl 

Avec  un  test  3 un  seul  £chantillon  (signe  ou  test  de  la  mgdiane)  on  aurait  : 

PFA  min  - 

Ceci  montre  l'avantage  des  tests  de  rang  sur  les  tests  simples  3 un  seul  ychantillon.  Pour  obtenir 
la  meme  probability  de  fausse  alarme,  la  longueur  de  la  syquence  t&noin  peut  Stre  beaucoup  plus 
ryduite,  ce  qui  conduit  3 une  fenetre  de  mesure  de  Clutter  de  petite  dimension  qui  s'accormode 
bien  mieux  de  la  non  stat ionnarity  du  Clutter.  En  fait,  pour  obtenir  de  bonnes  performances  de 
dytection,  la  fausse  alarme  contrSiye  doit  etre  bien  supyrieure  3 la  valeur  limite.  On  pourra 
voir  sur  les  mesures  effectuyes  sur  la  maquette  qu'avec  n ■ 15  on  peut  obtenir  PFA  * 10-5  sans 
difficulty. 

- REALISATION 

3.1.  Test  appliquy  au  radar 

Pour  rfaliser  le  traitement  de  la  vidyo  d'un  radar  3 antenne  toumante,  le  test  est 
appliquy  aux  signaux  recueillis  dans  une  fen6tre  glissante. 

Comne  on  peut  le  voir  3 la  figure  2,  cette  fenetre  est  trSs  ytroite  en  distance  et  elle 
s'ytend  en  azimut  sur  une  portion  du  faisceau  d’antenne.  Sa  forme  est  adaptye  3 la 
non  stat ionnarity  du  Clutter.  La  distribution  varie  rapidement  avec  la  distance,  par 
contre,  elle  varie  lentement  entre  deux  rycurrences  successives  (3  meme  distance)  3 
cause  de  la  correlation  spatiale  due  au  faisceau  d'antenne. 

Dans  la  maquette,  la  vidyo  est  ychantillonnye  3 intervalles  de  T/2  (l:  durye  de  1' impulsion 
ymise).  Elle  est  mise  en  mymoire  sur  quatre  recurrences  successives. 

Le  test  de  rang  est  realisy  comne  il  est  indiquy  sur  les  figures  5a,  3b,  3c. 

Le  signal  vidyo  qui  apparatt  au  temps  correspondent  3 la  distance  D est  compare  3 
l'ensemble  des  signaux  suivants  : 

1)  aux  signaux  re^us  3 la  mAne  distance  D aux  quatre  recurrences  precydentes 

2)  aux  signaux  regus  au  vo is inage  de  D (D  ♦ d et  D - D)  8 la  recurrence  actuelle  et  aux 
quatre  recurrences  pas sees  (d  correspond  8 1,5  l). 


Pour  noter  le  signal  regu  3 la  distance  D,  les  amplitudes  sont  divisges  en  deux  classes  : 

A : les  amplitudes  infer ieures  au  plus  grand  des  signaux  tftnoins 
B : les  amplitudes  supfirieures  3 ce  meme  signal. 

Si  le  signal  regu  est  dans  la  classe  A,  il  est  note  par  son  rang, 

si  le  signal  regu  est  dans  la  classe  B,  son  rang  est  multiplie  par  un  coefficient  K 

(dans  la  maquette  K - 2) . Ce  traitement  realise  1 'expansion  des  rangs  de  fagon  simple. 

On  peut  remarquer  que  la  logique  du  test  qui  consiste  3 comparer  le  signal  regu  3 la 

distance  D avec  les  signaux  voisins  ressemble  beaucoup  au  travail  qu'effectue  un  opfrateur 
radar  sur  un  indicateur  pano rami que. 

3.2.  Bloc-diagraaine 

II  est  reprfsentd  3 la  figure  4. 

A la  suite  du  traitement,  on  dispose  d'une  vid6o  6chantillonn6e  codfee  en  valeurs  numfriques. 
On  peut  l'utiliser  aprSs  dfcodage  sur  un  indicateur  panoramique.  On  peut  aussi  faire  suivre 
ce  traitement  par  une  post-integration  numgrique  pour  rfaliser  un  dispositif  de  detection 
automat ique. 


4 - RESULTATS 

Pour  ^valuer  les  pertes  d' information  introduites  par  le  test  non  parametrique,  les  resultats 
des  mesures  ont  £t£  compares  3 ceux  que  donnerait  un  test  parametrique  de  reference.  Le  bruit 
etait  gaussien  et  stationnaire  (conditions  optimales  pour  le  test  parametrique) . Le  signal 
utile  fluctuait  d'une  recurrence  3 la  suivante  en  loi  de  RAYLEIGH. 

Les  performances  du  test  parametrique.  de  reference  ont  ete  calcuiees  en  supposant  une  regulation 
automatique  du  niveau  de  bruit  realisee  dans  la  meme  fenetre  glissante  que  celle  de  la  maquette. 

les  performances  du  test  non  parametrique  ont  6t6  determinees  au  CETHEDEC  pour  des  probabilites 

de  fausse  alarme  de  10-^  en  simulation  nunerique.  Elies  ont  6te  verifi6es  sur  la  maquette  et 

4 5 

mesurfes  pour  des  probabilites  de  10-  et  10-  . La  figure  5 donne  la  probabilite  de  detection 
en  fonction  du  rapport  signal  sur  bruit  pour  une  post-integration  realisee  sur  30  recurrences. 
Sur  la  figure  6,  on  donne  le  rapport  signal  sur  bruit  n€cessaire  pour  obtenir  une  probabilite 
de  detection  de  0,5  en  fonction  du  nombre  N d' echos  post-integrCs. 

Les  resultats  des  mesures  effectuees  sur  signaux  reels  ont  confirme  ceux  obtenus  en  laboratoire 
sur  signaux  simuies. 

5 - CDNCmsiON 

L'etude  a montre  que  l'application  des  tests  "non  parametriques"  au  radar  pouvait  apporter 
des  ameliorations  considerables  dans  son  exploitation  principalement  lorsque  le  radar  doit 
’ travailler  dans  des  conditions  difficiles  dues  3 la  presence  du  Clutter. 

La  perte  d' information  resultant  de  l'application  de  ces  tests  est  du  m&ne  ordre  de  grandeur  que 
celle  des  dispositifs  habituels  de  regulation  de  fausse  alarme,  cependant  la  regulation  obtenue 
en  presence  de  bruits  non  gaussiens  et  non  stationnaires  est  bien  superieure  3 celle  ies  anciens 
dispositifs. 
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DISCUSSION 


C E MUEHE:  It  la  well  catabllehed  through  both  theoretical  and  experimental  work  that  alldlng- 

wlndow  detectora  (m  out  of  n)  are  not  CFAR  detectors  when  the  Interfering  signal 
la  partially  correlated  from  sample  to  sample.  For  Instance  the  false  alarm  rate 
Increases  by  sevaral  orders  of  magnitude  when  rain  clutter  signals  are  present 
compared  to  noise  alone.  My  difficulty  Is  In  understanding  how  non-parametrlc 
techniques  used  In  detection  will  Improve  this  situation.  Would  you  please  cooment? 

R CARRE:  La  fausse  alarm*  constante  est  obtenue  avec  un  test  non-parametrlque  a la  condition 

que  les  echantlllona  de  bruit  solent  independents.  Cet  effet  est  obtenu  sur  le 
clutter  par  l'aglllt£  de  la  frequence  d'Amlsslon  de  l’lmetteur. 

B C KAYSERILIOGLU : Which  clutter  model  are  you  using  In  your  paper  (Swerllng  Case  I or  II)  to  use 

frequency  agility  effectively? 

R CARRE:  L'agllltl  de  frequence  permet  de  se  trouver  dans  le  cas  Swerllng  II  avec  une 

approximation  sufflsante  pour  assurer  le  bon  fonctlonneaent  du  test  ce  qul  est 
prouve  par  1 ' experience . 

Y BR'.ULT : Vous  nous  avez  expllqul  que  ces  tests  ont  et(  appllquls  a des  buta  marlns. 

Ces  memes  mAthodes  sont-elles  appllcables  a des  buts  terrestres? 

R Ca?K£:  Ces  mesws  mlthodes  seralent  appllcables  pour  les  clbles  terrestres  avec  un  radar  a 

agllltl  de  frequence.  Cependant  pour  ces  radars  on  utilise  g£n£ralement  du  flltrage 
Doppler  done  une  frequence  demission  fixe.  Les  residua  apres  Ejections  restent 
corriles.  Les  etudes  se  poursulvent  au  CETHEDEC  pour  tralter  ces  cas  de  bruit 

- - ■ corrilrfs  d'une  recurrence  a la  sulvante.  Nous  esp£rons  avoir  prochalnement  des 

solutions  a proposer. 
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G.  Ries 
K.  KrUcker 

Forschungsinstitut  fUr  Hochfrequenzphysik 
D 5307  Wachtberg-Werthhoven,  Germany 


SUMMARY 

In  this  paper  we  present  some  investigations  dealing  with  decorrelation  effects  in  a suboptimal  spatial  filter  for  adaptive 
interference  suppression.  Degradation  caused  by  decorrelation  is  partly  determined  by  the  antenna  configuration,  partly 
by  mismatch  between  the  receiving  channels.  Additional  degradation  caused  by  the  target  signal  and  by  correlator  offset 
errors  in  the  adaptive  control  loops  ore  discussed,  too.  Finally  the  paper  gives  some  results  of  a special  experimental 
system . 


1.  INTRODUCTION 

This  pope-  deals  with  particular  problems  in  adaptive  spatial  filtering  for  coherent  sidelobe  suppression.  The 
advantages  of  this  technique  for  radar  applications  in  ECM  environments  ore  evident  and  should  only  be  mentioned. 

Vector-matrix  notation  is  used  throughout  this  paper.  Column  vectors  are  represented  by  underlined  lower  case  letters, 
for  example  d.  The  asterisk  d*is  used  to  denote  conjugate  transposition.  Matrices  are  denoted  by  underlined  upper  case 
letters,  e.g.  Q.  Expected  values  are  denoted  by  overlined  letters,  e.g.  n n*  . 

Starting  with  the  problem  of  detection  of  target  signals  in  spatially  distributed  interferences,  some  optimality  criteria, 
for  example  the  maximum  signal  to  noise  ratio  S/N  or  the  likelihood  ratio  test,  lead  to  an  optimum  linear  array 
configuration  according  to  Fig.  1.  Target  and  gaussian  noise  signals  s and  n of  each  array  element,  given  by  the 
complex  signal  vector  x,  ore  multiplied  by  the  complex  weighting  vector  k..  Compared  with  a conventionally  steered 
array  with  a weighting  vector  equal  to  the  target  signal  vector  s,  the  to-gef  signal  vector  has  to  be  transformed  by 
Qopt'l  with  S-opf  = n n*  , the  hermitian  noise  covariance  matrix.  From  this  weighting  an  array  pattern  results  with  a 
main  beam  in  target  direction  and  minima  for  angles  of  interference.  For  broad-band  signals  the  optimum  weighting 
vector  is  a function  of  frequency  but  for  narrow-bond  conditions  all  weighting  elements  may  be  approximated  by 
frequency  independent  factors  without  severe  degradation  in  noise  suppression.  Further  reduction  of  the  complexity  of 
this  configuration,  especially  in  the  matrix  conversion  process,  results  in  a configuration  as  shown  in  Fig.  2,  the  sidelobe 
canceller /!/.  Assuming  a very  small  S/N  at  the  isotropic  ouxiliar-array  elements  compared  to  the  small  S/N  at  the 
high  gain  main  antenna,  steering  of  the  auxiliar  array  is  neglected.  For  radar  applications  this  assumption  gives  no 
severe  degradation  of  the  noise  suppression.  The  weighting  vector  is  determined  for  minimum  noise  at  the  output,  which 
results  in  a processing  gain  or  cancellation  ratio  g,  defined  as  the  ratio  of  output  noise  without  and  with  auxiliary  array. 


In  the  following  sections  degradations  of  the  processing  gain  caused  by  the  suboptimality  of  the  configuration  according 
to  Fig.  1 as  well  os  by  component  errors  are  discussed.  Convergence  problems  of  the  adaptively  controlled  weighting 
vector  are  not  considered.  Finally  this  paper  gives  a description  of  an  existing  experimental  system  with  an  auxiliar 
array  of  6 elements  and  its  performance. 


2.  EFFECTS  OF  THE  TARGET  SIGNAL 

As  mentioned  in  the  introduction  the  contribution  of  the  target  signal  i.  in  the  auxiliar  array  to  the  output  signal 
and  from  this  the  steering  of  the  auxiliar  array  may  be  neglected  as  far  as  the  number  of  the  quasi  isotropic  auxiliar 
elements  N is  small  compared  to  the  directivity  of  the  main  antenna.  Further,  the  effect  of  _s  on  the  processing  gain 
according  to  eq.  (1)  hos  to  be  considered.  The  weighting  vector  k from  Fig.  2 is  given  by: 


■U7> 
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The  approximation  proves  to  be  reasonable  because  of  the  much  lower  S/N  In  the  auxiliar  array  compared  to  the  main 
antenna  S/N.  The  second  term  of  Ji  leads  to  a degradation  of  the  processing  gain  gQ  achievable  without  signal.  From 
eq.  (1)  results  for  a configuration  with  only  one  auxiliar  element,  i.e.  N = 1: 
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According  to  this  equation,  effects  of  target  signal  have  to  be  considered  only  for  very  large  g0.  For  targets  in  © = 0 
direction  with  complete  correlation  of  s ond  Sq  the  maximum  achievable  gain  is  limited  to: 
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Becouse  of  low  average  S/N  over  long  integration  periods  the  resulting  gmax  is  sufficient.  Law  gma)<  for  interference 
directions  corresponding  to  minima  of  the  main  antenna  pattern  with  high  S/N  of  the  main  antenna  are  not  significant. 

9max  nsay  be  problematic  for  short  effective  integration  time  constants,  that  means  approximately  equal  to  the  pulse 
width  of  the  target  signal,  when  the  higher  pulse  S/N  has  to  be  considered.  But  under  these  conditions  additional  effects 
are  caused  by  the  short-time  correlation  between  interference  and  target  signal,  which  was  neglected  in  eq.  (2). 


The  maximum  output  S/N  of  the  suboptimal  configuration  according  to  Fig.  2 is  limited  by  gmax  to  |s(/S  in  the  auxiliar 
array  element. 


3.  BANDWIDTH  EFFECTS 

The  processing  gain  g may  be  derived  from  eq.  0)  with  the  k from  Fig.  2 for  negligible  signal  effects.  From  this, 
the  achievable  g depends  primaiily  on  the  correlation  of  the  interference  signals  n„  in  the  auxiliar  array  /2/.  Starting 
with  ann„  given  by  only  one  quasi  monofrequent  interference  with  n„  nj  = mi*-  equal  for  all  auxiliar  elements  \>  and 
additional  receiver  noise  power  j in  each  channel, Q and  g come  out  to: 


0 = sa 
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Because  of  the  uncorrelated  receiver  noise,  g is  limited,  compared  to  g -*•  oo  for  j -w  0. 


(5) 


Additional  gain  reduction  results  from  the  signal  bandwidth,  which  deforms  the  dyadic  Q = nn*  to  the  Toeplitz  matrix 
Q = nn»  . No  simple  expression  for  the  inverted  Q and  from  this  for  g oon  be  derived  except^  for  an  auxiliar  array  with 
only  one  element,  i.e.  N = 1 with: 
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From  this  g depends  on  the  pre-processing  filter  function  H (f)  and  the  power  spectrum  S (f)  of  the  interference  process 
as  well  as  on  the  element  distance  d and  ©,  the  direction  of  the  inte-ference.  For  white  noise  spectrum  results: 


1 . rectangular  filter  of  bandwidth  B 


✓ - s;»e2(f  £ s;n9)  (7) 

2.  sine-filter  of  3 dB  bandwidth  B 

Approximations  of  these  equations  reasonable  for  g ft  10  dB  shows  Fig.  3 where  the  bandwidth  of  both  filters  is  optimized 
for  a rectangular  pulsed  target  signal  of  pulse  length  1/1 .37  B.  According  to  this  figure  high  processing  gain  g may  be 
obtained  by  filter  functions  with  strong  sideband  attenuation.  The  resulting  pattern  of  the  antenna  configuration  has  a deep 
minimum  for  the  center  frequency  only,  and  from  this  Interference  suppression  for  far-off  side  bands,  for  example  in  the 
spectrum  according  to  filter  function  2 proves  to  be  insufficient. 
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The  processing  goin  may  be  increased  by  pattern  minimums  of  higher  order.  These  are  a result  of  additional  degrees  of 
freedom  when  the  number  of  discrete  interference  directions  is  less  than  the  number  N of  elements  in  the  auxiliar  array. 
For  only  one  interference  direction  and  N = 2 g is  given  by: 
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Results  for  a rectongular  filter  function  and  d2  = 2d)  = 2d  shows  Fig.  3,  again  as  an  approximation  for  g * 10  dB  and 
j -»•  0.  Because  of  the  broadened  pattern  minimum  g increases  with  the  forth  power  of  decreasing  bandwidth  compored 
to  the  second  power  for  N = 1 . High  processing  gain  may  be  realized  only  neglecting  receiver  noise.  On  the  other  side 
it  should  be  mentioned  that  the  large  time  constant  in  the  transition  from  the  small  g according  to  N = 1 to  g according 
to  N = 2,  which  is  caused  by  one  vanishing  eigenvalue  in  the  covoriance  matrix, proves  to  be  problematic. 


4. 


EFFECTS  OF  THE  MAIN  ANTENNA  PATTERN 


The  degradation  of  the  processing  gain  by  bandwidth  as  discussed  in  the  previous  section  is  caused  by  frequency 
dependent  phase  angles  at  the  interference  signals  of  all  antenna  elements.  An  additional  degradation  results  from  the 
frequency  dependent  amplitude  of  the  interference  signal  in  the  high-gain  main  antenna,  given  by  its  frequency 
dependent  sidelobe  pattern.  For  a main  antenna  of  dimenskon  D in  direction  of  the  auxiliar  array,  the  pattern  in  the 
sidelobe  region  may  be  approximated  by: 


sin  (nl fc  sin 
(nfa  sin6%)1 


L * ^2 


(10) 


This  pattern  amplitude  has  to  be  considered  as  a frequency  dependent  weighting  function  for  the  spectrum  of  the  interference 
signal  in  the  main  antenna.  For  the  quasi  isotropic  elements  of  the  auxiliar  array  the  corresponding  weighting  function  is 
constant  within  the  bandwidth. 

With  A taken  into  consideration  processing  goin  for  a configuration  with  one  auxiliar  element,  i.e.  N = 1 may  be 
computed  according  to  eq.  (6).  Fig.  4 shows  some  results  for  only  one  interference  direction,  rectangular  filter  functions, 
and  negligible  receiver  noise.  For  large  distances  d between  the  main  antenna  phase  centre  and  the  auxiliar  element, 
compared  to  the  main  antenna  dimension  D,  the  phase  effects  os  discussed  in  the  previous  section  dominate,  and  amplitude 
effects  of  the  main  antenna  pattern  A may  be  neglected.  The  influence  of  A is  also  negligible  for  smoll  d/D  as  far  os 
the  interference  direction  coincides  with  a sidelobe  peak  in  A,  i.e.  D/A0  ■ sin  © = 1.5,  2.5,  3.5...  Severe  gain 
degradations  are  observed  for  all  other  interference  directions  with  A variations  over  the  bandwidth.  Unter  these 
conditions  no  considerable  increase  of  g may  be  obtained  for  d * D/2,  that  means  when  the  auxiliar  element  is  within 
the  main-antenna  aperture. 


5.  DECORRELATION  EFFECTS  DUE  TO  RECEIVER  MISMATCH 

As  already  mentioned.  Influences  which  decorrelate  the  interference  process  on  the  way  from  the  noise  source  to 
the  wei^iting  filter  k degrade  the  processing  gain  of  the  canceller.  Besidesthe  effects  discussed  in  the  previous  sections, 
mismatch  in  the  receiver  channels  has  to  be  considered.  It  should  be  mentioned  that  the  optimum  array  processor  Fig.  1 is 
sensitive  to  decorrelation  in  the  same  way  as  the  sidelobe  canceller. 

We  concentrate  our  attention  in  this  chapter  on  amplitude  response  mismatch  between  main  and  auxiliary  channels, 
deriving  an  upper  limit  for  the  cancellation  ratio  due  to  decorrelation  in  the  channels  of  the  receiver  front-end.  To  derive 
an  expression  for  the  processing  gain  In  the  presence  of  decorrelating  prefilters,  the  quadratic  form  _r  * Q~1  _r  which 
results  in  eq.  (1)  for  the  optimum  according  to  Fig.  2,  has  to  be  evaluated.  The  crosscorrelations  r * (o)  = x 0 (t)x  * (t) 
and  q VM  (o)  * X „ (0  vj  (0  are  components  of  the  correlation  vector  _r  * and  the  covariance  matrix  Q . x Q,  x.  v , x M 
can  be  regarded  as  new  signal  processes  after  convolving  the  original  element  signals  ^ t/U  (t)  with  the  impulse 
response  of  the  corresponding  decorrelating  prefilter.  With  transfer  functions  H ^ ( u> ),  H^,  (u/),  the  crosscorrelation  of 
x ^ and  is  given  by  /3/: 


w “ f$i>M  Iwi  Hv!uj)  h£  lu/)  Jr^r 

* (11) 


S (so)  Is  the  cross-spectral  density  of  the  input  processes  x (t),  x^ft).  With  x ^ (t)  = x ' (t-  (p  -1)</),  where  cf 
is  the  propagation  delay  of  the  process  between  two  adjacent  elements  for  a given  interference  direction  ©,  we  get  by 
Fourier-transform  : 
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with  the  power  spectrum  Sx'  (tv)  of  x 1 (t).  From  eq.  (11)  and  eq.  (12)  we  get  the  general  form  of  the  resulting 
correlation  of  two  processes  which  are  transformed  by  different  transfer  functions. 

q to>  -fsx'(u>)  Hu(tvl  h;  (w)  e - 'Wt'V'V  e - ’"o  Iv-mU 

IV 

* , /■  . i * . itovc/  ^ iw,ocf 

r*  10 1 * J SX'  /u>l  Hm(ivl  H f(u> I e e (13) 
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We  apply  eq.  (13)  in  two  examples,  thus  giving  on  impression  of  the  required  tracking  tolerances.  For  simplicity  the 
interference  process  is  described  by  a bondlimited  white  noise  process,  Sx#  (tv)  = const.,  and  the  phase  responses  of  all 
prefilter  transfer  functions  are  assumed  to  be  linear  and  equol.  Fig.  5 illustrates  the  cancellation  ratio  g as  a function 
of  relative  bandwidth»array  dimension  for  a linear  decreasing  and  a cosine  ripple  amplitude  response  of  the  main  channel. 

a)  Hg  - Hm(w)  = (Hmt  +a-2c£L-2)  rect  g- 

b)  H0=  Hm/u>)  = (Hm,  + a cos  2rrn£fe ) rectjfc 
Wp  ■ Ha(u/I  = Hao  red for  i/  = S....H 

The  corresponding  formulas  for  g when  </=  0 (©  = 0)  - i ,e . no  additional  bandwidth  effects  due  to  the  antenna 
configuration  - with  g independent  from  the  number  of  elements  N,  are  given  in  Fig.  5,  too.  It  is  important  to  note 
that  the  processing  gain  is  limited  to  25-30  dB  due  to  a mismatch  of  about  0.5  dB  im  amplitude  response. 


OFFSET-ERROR  PROBLEM  OF  LOW  PASS  CORRELATOR  CONTROL  LOOPS 


In  changing  interference  environment  the  optimum  filter  weighting  k Q.  ” should  be  controlled  in  an 

adaptive  way  to  guarantee  optimum  performance.  Updating  and  matrix  inversion  methods  or  Gradient-following  techniques 
could  be  applied.  A well  known  solution  is  given  by  adaptive  control  loops  which  realize  fhe  Steepest- Descent  algorithm 
in  a continuous  manner.  /I/,  /4/,  /5/.  Fig.  6 shows  the  principle  network  for  adoptively  controlled  filter  weights. 

A lot  of  literature  (see  reference  list  in  /6/)  has  been  published  dealing  with  the  performance  of  the  control  loops  with 
regard  to  dynamic  and  convergence  problems. 


We  consider  in  this  chapter  the  influence  of  an  additive  correlator  error  (correlator  offset  or  drift)  for  a low  pass  version 
of  the  canceller  system.  Adding  an  offset  vector  g*  - to  the  outputs  of  the  correlator  multipliers  (see  Fig.  6) 

results  in  a modified  filter  weighting: 


a*-  (z  * &)*  or" 


(14) 


wifh  amplitude  vector  (c^  . . . c^g)  and  diagonal  matrix  of  the  phase  error  jA.  = diag  ( e'^).  With  k*  from  eq.(14) 
we  get  the  cancellation  ratio  eq.  (1): 
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Eq.  05)  shows  that  for  on  unavoidable  offset  error  £*  a severe  reduction  in  processing  gain  occurs  when  Q becomes 
singular. 

A simplified  analysis  of  offset  error  influence  for  a single  element  canceller,  neglecting  bandwidth  effects,  © = 0, 
gives  a lower  bound  estimate  for  offset  requirements.  e*Q~  £ reduces  to  c.,2/Pj,  with  the  interference  power  Pj  at 
the  correlator  input.  From  eq.  (15)  we  get  with  lnQl ^ =_r  * Q _r  neglecting  isotropic  system  noise  : 
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(16) 
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The  following  table  shows  thot  for  a given  Pj  the  offset  requirements  become  very  critical,  even  for  o relatively  modest 
cancellation  ratio. 


J/dBm 

a/dB 

20 

30 

- 10 

o.ol  mV 

3.2  >rV 

0 

o.l  mV 

32  /«V 

Table  1)  Tolerable  offset  error  for  a given  cancellation  ratio. 


7.  SINGLE-SIDEBAND  MODULATION  WEIGHTING 

In  order  to  avoid  correlator  offset  problems  it  seems  reasonable  to  use  IF-Bandpass  correlator  loops,  /7/  with 
a bandpass  version  of  the  optimum  weighting  vector 
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with  ix>  ] - 4 w , the  interference  process  bandwidth,  to  prevent  spectrum  fold-over.  However,  fhe  IF-loops  ore  more 
critical  with  regard  to  control  loop  stability  than  the  low-pass  version  /8/.  Instability  is  caused  by  time  delay  in  the 
loop  network  and  by  the  higher-order  filters,  necessary  to  attenuate  the  unused  sidebands.  In  practical  cases,  the  loop 
gain  and  therefore  the  processing  gain  is  stability-limited.  Instability  caused  by  additional  filters  can  be  avoided  by 
considering  the  weighting  process  (see  Fig.  6) 
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(18) 


carried  out  by  the  analytic  signals  k = w + i w and  &.  = b + i £ (w,  £ are  Hilbert-transformed  processes).  The  real 
port  of  z is  given  by 


yv*£  + w.*  h. 


(19) 


The  operation  described  by  eq.  (19;  cancels  the  unused  frequency  components  and  is  realized  by  two  Hilbert-tronsformers 
and  multipliers  per  array  element.  This  procedure  introduced  here  for  the  purpose  of  simultaneous  weighting  and  filtering 
is  known  os  Single  Sideband  Modulation  and  eliminates  the  need  of  additional  sideband  filters.  Compared  to  the  in-phase 
and  quadrature  channel  low  pass  correlator,  the  number  of  correlators  is  reduced  by  a factor  of  two.  Fig.  7 shows  the 
discussed  modification  of  the  IF-canceller  system. 


8.  EXPERIMENTAL  RESULTS 

In  order  to  study  some  fundamental  properties  and  problems  of  adaptive  spatial  filtering,  an  experimental  system 
with  an  auxiliar  array  of  6 elements  and  loops  implementing  the  results  of  chapter  7 has  been  built  (see  Fig. 7).  Fig.  8 
shows  some  theoretical  and  experimental  values  of  processing  gain  as  a function  of  ^ /2sin  © for  a single  interference 
direction.  8 8 

Decorrelation  effects  limit  the  cancellation  ratio  to  a value  of  about  28  dB.  For  o relative  bandwidth  > 5%,  bandwidth 
effects  predominate.  Increased  gain,  using  additional  spatial  samples  (N  = 2)  can  be  recognized.  A qualitative  impression 
of  the  benefits  of  the  canceller  system  is  given  by  the  pictures  of  Fig.  9.  Two  target  signals  with  a bandwidth  ratio  of 
about  4 are  immersed  in  the  main  channel  interference.  With  processing  gain  corresponding  to  the  bandwidth  of  the 
process,  target  signals  appear  in  a reduced  noise  background. 
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INTERMEDIATE  FREQUENCY  ADAPTIVE  CONTROL 
LOOPS  WITH  SINGLE -SIDEBAND  WEIGHTING  FILTER. 


EXPERIMENTAL  CONDITIONS: 

PREFILTER  TRANSFER  FUNCTION:  APPROXIMATELY 

rect  ^ 


SINGLE  NOISE  SOURCE; 

Pj=  ^ - JAMMER  TO  SYSTEM  NOISE  POWER 
RATIO,  MEASURED  AT  AN  ARRAY  ELEMENT. 


FIG.  8 INTERFERENCE  SUPPRESSION  g/dft  AS  A 
FUNCTION  OF  BANDWIDTH  B,  ELEMENT 
DISTANCE  d AND  JAMMER  LOCATION  6 
FOR  A ONE  AND  TWO  ELEMENT  IF  CANCELLER 
WITH  SSB  WEIGHTING. 


FIG.  9 IMPROVEMENT  IN  S/N  BY  A ONE  ELEMENT 

SIDELOBE  CANCELER  SYSTEM  WITH  d = 10  Xo/2  AND  © = 90' 

(1)  MAIN  CHANNEL  S/N  = - 3 dB  (WITHOUT  SLC) 


WITH  SLC 


WITH  SLC 
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Would  you  please  Indicate  the  results  obtained  for  the  case  of  m Independent  noise 
sources  and  n loops  where  m < n? 

As  long  as  ■ > n • 1,  processing  Is  similar  to  that  discussed  here  for  m ■ 1,  n ■ 2 
depending  on  the  spatial  distribution  of  the  Interferences. 

Have  you  estimated  the  additional  number  of  degrees  of  freedom  taken  by  a source 
which  Is  amplitude  modulated  at  a rate  faster  than  can  be  followed  by  the  adaptive 
loops? 

No,  because  we  think  that,  In  that  case,  the  performance  Is  not  a function  of 
additional  degrees  of  freedom  but  only  a function  of  the  time  behaviour  of  the 
control  loops.  When  the  Interference  pulse  width  Is  small  compared  with  the 
canceller  learning  time  constant,  performance  of  the  SLC  Is  degraded.  This  state- 
ment Is  confirmed  by  our  experiments. 

Is  there  an  optimum  spacing  for  auxiliary  antennas?  Wide  spaclngs  are  required  to 
obtain  closely-spaced  nulls  to  deal  with  jamming  sources  with  small  angular  separ- 
ations but,  on  the  other  hand,  close  element  spacing  is  desirable  to  achieve  broad- 
band operation.  Is  the  optimum  perhaps  a random  distribution  of  spaclngs? 

We  considered  several  element  positions,  especially  different  distances  between  main 
and  auxiliary  elementa.  The  results  are  highly  dependent  on  the  Interference 
conditions.  In  general.  It  Is  difficult  to  give  an  optimum  configuration. 

Could  you  please  comment  on  why  your  elements  in  the  auxiliary  channel  are  not  fixed 
In  their  spacing  to  Improve  the  processing  gain  within  the  narrow  band  of  your  main 
channel? 

In  order  to  get  sufficient  Interference  suppression  It  Is  necessary  to  have  a small 
product  of  bandwidth  x propagation  delay.  Even  with  narrow  radar  bandwidth,  the 
distance  batmen  auxiliary  elements  and  main  antenna  phase  centre  has  to  be  small. 

Would  you  please  explain  the  advantage  of  the  system  using  upper  and  lover  sideband 
separation  to  prevent  apectrum  folding,  over  a simpler  system  using  real  and  lmag- 
lnsty  components  of  the  signal? 

A prime  problem  of  an  analog  baseband  SLC  system  Is  the  offset  error  of  the  correlator 
multiplier.  In  the  IF  system  only  one  sideband  Is  processed  and  the  other  one  must 
be  suppressed.  Foldover  Is  avoided  by  a properly  chosen  frequency  relationship.  The 
advantage  Is  that  no  offaet  error  occurs. 

Have  you  done  any  analytical  evaluations  of  SLC  with  more  than  one  auxiliary  antenna 
and/or  more  than  one  Interference?  Have  you  taken  account  of  the  Internal  (white) 
nolac? 

As  seen  from  Fig  3,  analytical  evaluations  of  a two-element  system  have  been  per- 
formed. Further  analytical  evaluations  under  narrow-band  conditions  have  been  done 
for  a six-element  SLC  with  up  to  three  Interference  directions.  In  this  esse, 
uncorrelated  (system)  noise  has  been  taken  into  account. 
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SUMMARY 

Developments  in  future  civilian  Secondary  Surveillance  Radar  (SSR)  Systems  are  being  aimed  at 
increasing  the  amount  as  well  as  the  integrity  of  information  exchanged  between  the  ground  station  and  the 
interrogated  aircraft,  whilst  reducing  the  actual  interrogation  rate  to  the  minimum  necessary  for  reliable 
performance.  The  ultimate  reduction  would  be  to  a single  interrogation  made  only  in  the  expected  direc- 
tion of  an  aircraft.  Such  extreme  measures  woul  1 reduce  the  overall  interference  problem  and  hence 
improve  message  reliability,  but  would  make  it  necessary  to  adopt  some  technique  for  azimuth  measurement 
other  than  the  sliding  window  plot  extractor  usually  used.  The  simplest  solution  to  this  problem  is  the 
use  of  monopulse  designed  to  yield  off-axis  measurements  of  the  azimuth  of  transponder  signals,  and  the 
incorporation  of  such  a system  has  been  specified  in  both  the  British  Selective  Address  (ADSEL)  and  the 
American  Discrete  Address  Beacon  System  (DABS)  proposals  (Bowes  R C et  al  1975).  Its  use  also  for  stan- 
dard SSR  is  under  consideration  as  an  alternative  to  sliding  window  techniques,  and  the  experimental  work 
at  RSRE  has  been  conducted  with  existing  signal  formats.  After  a brief  discussion  this  paper  reports  on 
the  results  of  the  initial  phase  of  the  experiments  aimed  at  comparing  the  performance  of  alternative 
processes . 

1 INTRODUCTION 

Current  methods  of  identifying  target  azimuth  in  SSR  systems  rely  on  sliding  window  plots  which  in 
effect  bracket  the  skirts  of  the  rotating  aerial's  directivity  pattern  as  it  is  sampled  by  consecutive 
signals  elicited  from  each  aircraft  transponder.  If  everything  were  perfect  the  azimuth  corresponding  to 
the  point  at  which  the  signals  are  at  boresight  could  be  identified  by  taking  the  mean  of  the  azimuths  at 
which  signals  of  equal  amplitude  appear  on  either  side  of  centre.  With  a finite  sampling  rate  set  by  the 
Pulse  Repetition  Frequency  (PRF)  signal  equality  cannot  be  guaranteed  and  the  accuracy  is  limited  to  the 
azimuth  interval  between  consecutive  replies. 

In  practice,  each  interrogation  is  not  always  followed  by  a response,  due  either  to  fading  or  capture 
of  a transponder  by  another  interrogator.  The  result  of  this  is  that  there  is  no  clearly  defined  thres- 
hold where  one  can  place  each  bracketing  azimuth,  and  a variety  of  rules  have  been  established  to  give  a 
measure  of  confidence  to  the  identity  of  the  leading  and  trailing  edges. 

As  the  aerial  scans  a transponder,,  about  20  or  so  replies  are  obtained  according  to  aerial  rotation 
speed,  PRF  and  beamwidth,  and  all  of  these  signals  must  be  processed  to  produce  a reliable  result.  All 
the  information  regarding  the  true  azimuth  is  however  available  in  each  signal  irrespective  of  its 
apparent  position  in  the  beam  and  monopulse  techniques  offer  one  solution  to  the  problem  of  acquiring  it. 

Monopulse  radar  is  too  well  documented  to  justify  an  elaborate  description  of  its  operation  but  it 
should  be  emphasised  that  most  of  the  1 iterature  relates  to  closed-loop  tracking  systems  in  which  the 
aerial  alignment  is  adjusted  to  keep  tne  target  signals  on  boresight  and  boresight  parameters  are  of  more 
importance  than  the  precise  characteristics  to  the  beam  edges. 

In  this  paper  we  will  be  concerned  only  with  phase  comparison  monopulse  for  which  two  aerials  are 
placed  side  by  side  and  so  aligned  as  to  give  coincident  beams.  The  aerials  outputs  will  be  of  equal 
magnitude  but  their  phases  will  depend  on  the  direction  of  the  signal  source.  Fig  la,  b. 

To  find  the  indicated  direction  6i,  the  electrical  length  of  the  delay  4 must  be  measured  and 

91  * ,in’1(  2nd5T  > (1) 

in  which  the  distance  dX  is  the  separation  of  the  phase  centres  of  the  two  aerials  in  wavelengths. 

The  vector  diagram  Fig  lb  shows  that  there  are  two  obvious  ways  of  measuring  the  angle  4.  By  placing 
a phase  detector  between  the  aerial  outputs  VI,  Vr  the  angle  may  be  measured  directly,  or  alternatively, 
by  obtaining  the  vector  sum  and  difference  to  produce  Vs  and  Vd,  it  is  evident  that  since 

♦ " 2 tan  1 . sin*]  (2) 

one  may  compare  the  ratio  of  the  two  amplitudes  and  noting  their  relative  phase.  The  measurement  of  the 
amplitudes  I Vsl  and  I Vdl  only  yields  the  magnitude  of  the  angle  and  a further  observation  must  be  made  to 
detect  its  sense.  This  can  be  done  by  introducing  a quadrature  phase  shift  between  Vs  and  Vd  and  noting 
if  they  are  in  or  out  of  phase.  With  the  direct  phase  angle  measurement  on  VI  and  Vr,  both  sense  and 
magnitude  result  from  a tingle  process. 

A point  worth  noting  it  that  a simple  phase  comparison  monopulse  such  as  described  suffers  from 
ambiguities  in  the  declared  value  of  * making  it  possible  to  indicate  a signal  as  being  within  the  overall 
baaawidth  when  in  fact  it  may  be  outside.  One  way  of  overcoming  this  problem  is  to  make  a second  measure- 
ment in  quadrature  with  the  first. 

A number  of  alternative  arrangements  have  been  described  from  time  to  time  but  in  this  paper  we  will 
be  concerned  only  with  the  two  basic  processes  alresdy  referred  to  and  the  configuration  adopted  at  RSRE 
for  our  initial  studies. 
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Aa  to  which  of  the  two  basic  phase  measuring  processes  is  the  best  is  largely  determined  by  Che  mag- 
nitude of  the  errors  to  be  expected  within  each  process.  Assuming  that  fixed  system  errors  can  be 
balanced  out  one  needs  to  identify  the  sources  of  variable  errors  which  can  arise  from  changes  in  signal 
strength  and  position  within  the  beam  aa  well  as  chose  that  may  result  from  changes  in  equipment  operating 
conditions.  In  the  simplest  concepts  it  could  be  stated  that  phase  errors  are  more  important  than  ampli- 
tude errors  in  those  parts  of  the  circuit  directly  related  to  each  beam  and  conversely  for  circuits  where 
the  phase  has  been  translated  to  amplitude  as  in  the  sum  and  difference  process.  However  this  is  far  too 
naive  an  assumption  for  an  adequate  basis  to  find  if  any  significant  differences  occur  between  the  pro- 
cesses. 

2.  THE  NATURE  OF  SSR  SIGNALS 


It  is  relevant  at  this  point  to  specify  the  signals  which  an  SSR  monopulse  receiver  is  required  to 
handle. 


Centre  Frequency 
Pulse  length 
Rise  Time 
Fall  Time 


1.09  GHz  ♦ 3 MHz 
0.45  + O.T  uS 
0.05  to  0.1  pS 
0.05  to  0.2  uS 


Each  signal  contains  a group  of  pulses  from  2 to  14  in  number  of  which  the  first  and  last,  designated 
bracket  or  framing  pulses,  are  always  present  with  a spacing  of  20.3  pS.  The  pulses  between  these  indi- 
cate aircraft  identity  if  responding  to  a Mode  A interrogation,  or  altitude  if  to  Mode  C,  and  sometimes  do 
not  occur  at  all. 


There  are  some  points  worth  emphasising  which  distinguish  SSR  signals  from  those  of  a primary  radar. 

(1)  The  ground  station  transmitter  (interrogation)  frequency  is  1.03  GHz  and  far  removed  from  the 
received  signal  frequency. 

(2)  ICAO  recomnendations  ere  that  the  receiver  bandwidth  should  be  adequate  to  faithfully  reproduce 
the  transponder  pulses  to  a rise  time  of  0.1  pS.  Whereas  a primary  radar  receiver  would  normally  have  a 
matched  bandwidth  to  maximise  detectability,  this  is  not  a particular  problem  in  a beacon  system. 

(3)  The  received  signals  are  not  under  the  control  of  the  ground  station  and  can  lie  anywhere  within 
a 3 MHz  range.  Any  individual  transponder  is  reasonably  stable  but  may  be  subject  to  incidental  fre- 
quency modulation.  RSRE  observations  have  supported  those  made  elsewhere  that  transponder  carrier 
frequencies  are  distributed  in  an  approximately  Gaussian  manner  over  the  full  6 MHz  allowed  with  a few 
outside  this  range.  The  implication  of  this  is  that  in  spite  of  the  requirements  noted  above,  the 
receiver  bandwidth  must  be  wider  than  that  which  would  be  used  in  a primary  radar,  and  signal  to  noise 
ratio  must  suffer.  It  is  recommended  within  ICAO  standards  that  a signal  of  at  least  -85  dbm  be  available 
from  a transponder  at  200  miles,  but  it  is  usual  for  received  signals  to  be  well  above  this  magnitude. 

(4)  The  expected  dynamic  range  of  the  received  signals  is  less  than  those  of  a primary  radar.  This 
follows  from  the  inverse  square  law  applicable  to  beacon  systems  whose  transponders  radiate  a relatively 
constant  output.  From  200  miles  down  to  3 miles  a range  of  36  dbs  is  expected  from  transponders  in 
direct  view  of  the  interrogator.  Civil  aircraft  transponder  aerials  are  mounted  below  the  fuselage  and 
turning  or  banking  may  screen  the  aerial  from  view  causing  fades  and  missed  replies. 

Multipath  interference  likewise  causes  signal  variations  and  it  cannot  therefore  be  assumed  that  all 
signals  lie  within  a relatively  narrow  dynamic  range,  although  most  of  them  do. 

3 SYSTEM  ERRORS 

3.1  Aerial  Errors 

Because  the  aerial  is  common  to  any  process  we  will  note  briefly  some  of  the  errors  which  it  may 
introduce. 

The  aerial  system  adopted  by  RSRE  was  manufactured  by  Cossor  Electronics  Ltd  and  is  a modification 
for  phase  comparison  monopulse  of  their  standard  aerial  used  with  the  SSR  700  Interrogator  Receiver.  It 
is  a 49  element  Dolph-Chebyshev  array  so  combined  to  provide  Sum,  Difference  and  Control  patterns.  The 
main  sum  beam  is  also  part  of  the  transmitter  system  and  has  a beam  width  of  2°  and  a gain  of  24  dbs  with 
24  db  sidelobes.  The  difference  pattern  has  a central  notch  at  least  30  db  below  the  peak.  The  control 
pattern  is  a transmitter  function  only  and  does  not  concern  the  operation  of  the  receivers  except  that  it 
could  be  available  as  part  of  the  receiver  sidelobe  suppression  system  if  desired.  The  basic  receiver 
patterns  are  depicted  in  Fig  2 together  with  the  individual  left  and  right  hand  beams  for  comparison. 

These  latter  will  have  approximately  twice  the  width  and  half  the  gain  of  the  sum  pattern. 

The  vertical  coverage  is  45°  and  the  electrical  errors  that  arise  within  this  range  are  kept  to 
within  limits  equivalent  to  3.5'  of  azimuth  error  at  boreeight,  but  at  the  edges  the  effective  beamwidth 
is  modified. 

It  will  be  appreciated  that  elevation  of  the  signal  source  would  introduce  an  error  in  the  indicated 
angle  simply  as  a result  of  the  geometry  of  the  system.  A signal  source  at  a high  elevation  but  at  the 
same  slant  range  as  one  closer  to  the  ground  would  have  a ground  range  which  is  less,  end  the  szimuths 
would  differ.  This  difference  would  not  be  revealed  by  the  monopulse  measurement  but  a correction  could 
be  made  if  the  height  of  the  aircraft  were  known  from  the  Mode  C replies.  Fig.  3. 
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One  aspect  of  phase  error  could  arise  through  the  use  of  an  aerial  with  a tapered  distribution.  It 
nay  be  assumed  that  the  phase  centre  of  the  sum  beam  is  at  the  physical  centre  of  the  array  and  does  not 
move  as  the  signal  source  swings  away  from  boresight.  However,  if  one  considers  the  two  half  aerials  then 
it  is  relevant  to  recognise  that  the  spacing  of  their  individual  phase  centres  determines  the  phase  differ- 
ence of  their  signals.  For  a uniformly  distributed  aperture  the  separate  phase  centres  are  at  the  centre 
of  each  half  and  dX  is  half  the  total  array  width  for  all  signals.  A tapered  array  brings  the  phase 
centres  closer  together  but  for  signals  arriving  from  directions  away  from  boresight,  one  finds  that  the 
effective  phase  centre  spacing  becomes  even  less.  It  has  been  found  that  for  the  aerial  in  question  the 
corresponding  phase  error  resulting  from  this  cause  is  about  1°  at  the  3 db  beam  edge  but  increases 
rapidly  to  11  at  twice  the  beamwidth.  This  corresponds  to  a point  about  12  dbs  down  the  sum  directivity 
pattern,  in  a region  near  to  where  the  Interrogator  Sidelobe  Suppression  system  (ISLS)  becomes  operative. 
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The  ISLS  permits  interrogations  in  a region  about  boresight  where  the  transmitter  sum/interrogator 
pattern  has  at  least  9 dbs  more  gain  than  the  control  pattern  and  for  the  RSRE  aerial  this  is  within  about 
*_  2°  of  boresight.  If  one  aims  only  to  make  measurements  within  the  3 db  beamwidth  of  ♦ 1°  then  the  phase 
error  arising  from  phase  centre  mobility  is  insignificant,  but  it  is  conceptually  possiFle  to  widen  the 
effective  beamwidth  by  making  measurements  outside  these  limits,  so  making  use  of  valid  transponder 
replies  which  would  otherwise  be  rejected.  In  practice  the  operational  calibration  of  the  system  would  of 
course  take  account  of  any  departures  from  the  ideal. 

3.2  Direct  Phase  or  Interferometric  Measurement 

In  this  arrangement  the  relative  phase  of  the  two  aerial  input  signals  is  measured  directly,  usually 
after  coherent  frequency  conversion,  and  amplification.  Fig  4.  The  need  for  limiting  amplifiers  preced- 
ing the  phase  detector  is  governed  by  the  choice  of  circuit  for  the  latter  and  most  of  these  are  also 
amplitude  sensitive.  The  limiters  must  match  in  their  phase  characteristics  over  the  entire  dynamic  range 
of  input  signals  expected,  in  the  order  of  70  dbs.  For  the  commonly  used  IF  of  60  MHz,  phase  departures 
of  3 are  a typical  maximum  and  about  2°  between  matched  limiters  with  equal  inputs  and  such  characteris- 
tics should  be  maintained  over  the  full  working  bandwidth. 

An  initial  phase  shift  of  90°  is  needed  to  avoid  an  ambiguity  around  boresight,  but  the  use  of  two 
phase  detectors  in  quadrature  allow  unambiguous  measurements  up  to  the  full  beamwidth  of  each  aerial. 

Note  however  that  these  are  twice  the  width  of  the  equivalent  sum  beam. 


The  5°  phase  error  measured  on  practical  limiters  corresponds  to  a proportional  error  of  about  4'  of 
indicated  azimuth,  remaining  alioost  constant  over  the  beamwidth.  This  assumes  a phase  centre  spacing  of 
12  wavelengths  appropriate  to  the  RSRE  aerial. 


Limiting  amplifiers  have  been  found  to  have  an  output  level  variation  of  +0.5  db  over  a 70  db 
dynamic  range.  Assuming  that  the  two  amplifiers  tracked  in  amplitude  it  will  be  seen  that  a phase  detec- 
tor may  emphasise  the  distortion.  A phase  detector  may  be  represented  as  a multiplier  and  the  output, 
after  low  pass  filtering,  is 


V 
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where  and  are  the  inputs  from  the  limiters.  For  equal  inputs  this  reduces  to 


Vout  “ yZ  co**- 


In  the  absence  of  any  knowledge  of  the  true  magnitudes  of  the  input  signals,  one  must  assume  that 

V varies  only  with  4. 
out 

For  a + 0.5  db  variation  the  resulting  error  in  the  indicated  azimuth  rises  from  0 at  boresight  to 
21'  at  the  1 beam  edge.  A quadrature  phase  detector  would  help  to  reduce  this  overall  error  to  about 
half.  It  is  evident  therefore  that  simple  multiplicative  phase  detectors  are  not  entirely  suitable  for 
this  application  unless  the  limiter  output  variation  can  be  reduced  to  a more  acceptable  figure  over  the 
full  6 MHz  bandwidth  needed,  but  at  RSRE  such  phase  detectors  are  being  used. 

The  addition  of  swept  gain  preceding  the  limiters  may  help  to  reduce  amplitude  induced  errors  for 
non-fading  signals  but  this  cannot  be  completely  satisfactory. 

3.3  Sum  and  Difference  Measurement 

The  two  aerial  outputs  are  vectorially  added  to  yield  sum  and  difference  signals.  After  frequency 
conversion  and  amplification  their  ratio  is  derived  and  this  process  is  most  conveniently  performed  by  the 
use  of  logarithmic  receivers.  Fig  5.  The  limiting  amplifiers  shown  in  parallel  with  the  main  amplifiers 
belong  to  the  direction  sensing  circuit  implemented  by  phase  detection  between  the  sum  and  difference 
channels.  With  a fixed  90°  in  circuit  these  will  be  either  in  phase  or  antiphase.  Because  of  the  need 
to  accommodate  a wide  dynamic  range  of  input  signal  the  main  amplifiers  would  be  of  the  successive  detec- 
tion type.  Their  video  performance  in  terms  of  stability,  matching  and  closeness  to  a logarithmic 
transfer  function  must  be  impeccable  since  it  is  on  these  factors  that  the  accuracy  of  the  measurement 
depends.  RSRE  amplifiers  track  within  0.1  db  over  most  of  the  dynamic  range,  and  their  departure  from  an 
ideal  characteristic  is  no  worse  than  +_  0.4  db,  corresponding  to  an  azimuth  error  of  2.1'  at  the  beam  edge. 


It  is  inherent  in  the  design  of  logarithmic  receivers  that  the  IF  chain  is  a wide  range  limiter  in 
its  own  right  and  hence  it  is  not  necessary  for  separate  limiters  to  be  used  for  the  sense  detection 
circuit. 

Some  work  has  been  done  in  recent  years  to  advance  the  techniques  for  producing  a true  IF  logarithmic 
amplifier.  Such  amplifiers  produce  an  IF  output  whose  peak  excursions  are  compressed  by  the  transfer 
function  whilst  preserving  the  phase  of  the  input  signal.  However,  it  has  been  the  experience  at  RSRE, 
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when  receivet  designs  were  being  formulated,  that  the  phase  performance  of  these  amplifiers  was  degraded. 

Since  magnitude  and  sense  can  be  separated,  one  has  the  ability  to  process  the  values  in  different 
ways.  For  a succession  of  readings  subject  to  uncertainties  one  can  either  sum  the  values  algebraically 
or  else  one  may  sum  their  moduli  and  apply  a majority  decision  as  to  their  sense.  Supposing  that  the 
ratio  Vj/  VB  is  subject  to  only  small  error,  whilst  the  relative  phase  error  is  such  as  to  indicate  a 
measurable  excess  on  one  side  of  boresight  compared  to  the  other.  The  mean  of  these  measurements  taken 
algebraically  would  be  nearer  to  boresight  than  the  magnitude  would  indicate.  Averaging  their  moduli  and 
taking  the  majority  of  the  sense  indication  produces  an  indicated  azimuth  closer  to  the  true  position. 

4.  IMPLEMENTATION 

From  the  aforesaid  it  will  be  deduced  that  there  are  advantages  and  otherwise  of  both  processes  and 
although  intuitively  one  expects  both  systems  to  be  equivalent,  much  depends  on  how  good  the  component 
parts  can  be  kept  within  specified  limits  and  there  seems  to  be  no  overwhelming  reason  for  choosing  one 
against  the  other.  At  RSRE,  it  was  decided  to  test  the  comparative  performance  of  the  two  systems 
simultaneously  whilst  maintaining  a measure  of  flexibility  to  incorporate  modifications  as  needs  arise. 

4.1  RF/IF  Circuitry 

The  basic  arrangement  takes  the  sum  and  difference  outputs  from  the  aerial  hybrid  and  after  frequency 
conversion  and  amplification,  the  signals  are  split  into  the  logarithmic  amplifiers  and  also  combined  into 
a 90  hybrid  followed  by  the  limiting  amglifiers.  Fig  6.  This  latter  hybrid  effectively  reconstitutes  the 
left  and  right  hand  beams,  but  with  a 90  phase  shift  between  them,  if  the  original  sum  and  difference 
signals  are  brought  into  phase  previously. 

The  sum  and  difference  signals  alone  give  ambiguous  results  about  boresight  and  the  phase  measurement 
made  on  the  reconstituted  beams  can  be  used  to  determine  the  sense  of  direction.  This  arrangement  is  not 
identical  to  that  discussed  earlier  in  which  sense  was  derived  from  the  phase  angle  between  the  sum  and 
difference  signals,  and  it  can  be  expected  that  because  the  noise  in  the  reconstituted  channels  is  uncor- 
related with  that  in  the  sum  and  difference  channels,  the  system  is  subject  to  larger  errors  from  that 
cause.  On  the  other  hand,  the  ambiguity  in  the  phase  channel  at  the  beam  edges  is  resolved  by  the  sum  and 
difference  measurement  since  within  the  beam  limits  the  sum  signal  is  larger  than  the  difference  signal 
and  vice  versa  outside  these  bounds.  It  would  be  possible  to  cover  up  to  twice  the  3 db  beamwidth  without 
ambiguity,  but  for  various  reasons  it  is  not  thought  practicable  to  extend  the  observable  range  of  angles 
as  far  as  this  and  in  the  experimental  system  only  the  nominal  beamwidth  is  covered. 

The  effect  of  phase  distortion  in  the  sum  and  difference  circuit  preceding  the  reconstituting  hybrid 
is  shown  in  Fig  7.  The  plots  show  the  computed  response  of  a phase  detector  with  varying  degrees  of  phase 
shift  and  it  is  seen  that  for  shifts  of  up  to  about  20°  the  output  error  is  quite  small.  An  interesting 
plot  occurs  with  40°  shift  for  which  an  almost  linear  output  is  available  over  most  of  the  angular  range. 
Although  no  advantage  has  been  taken  of  this  at  present  it  is  conceivable  that  in  some  applications  it 
could  be  exploited. 

Fig  8 shows  the  complete  receiver  as  it  is  currently  constructed.  The  sum  channel  input  feeds  to  a 
diplexer  which  comprises  two  90°  hybrids  coupled  by  differential  delay  cables.  The  directional  filter  so 
formed  allows  the  transmitter  to  be  isolated  from  the  receiver  input  whilst  providing  a low  loss  path  from 
aerial  to  receiver.  An  advantage  of  this  arrangement  is  that  an  aerial  mismatch  does  not  reflect  to  the 
receiver.  The  difference  circuit  is  equalised  to  the  same  delay. 

The  RF  filters  that  follow  are  principally  to  reject  signals  from  other  navigational  aids,  notably 
DME,  which  operate  near  the  SSR  frequencies.  A somewhat  unexpected  difficulty  arose  at  Malvern  because 
the  local  TV  station  radiates  three  programses,  at  frequencies  below  850  MHz,  so  as  to  cause  interference 
near  the  60  MHz  IF,  and  these  filters  eliminated  this  problem. 

The  filters  have  a 3 pole  Chebyshev  response  with  0.1  db  ripple  over  15  MHz.  A comb  line  configura- 
tion is  used  in  order  to  bring  the  stop  band  to  3 GHz  at  which  frequency  a co-mounted  primary  radar 
operates.  The  combs  are  X/12  long  and  allow  a compact  construction.  The  Chebyshev  response  was  chosen 
because  the  phase  response  over  the  central  6 MHz  is  more  linear  than  an  equivalent  Butterworth  filter, 
but  a more  practical  reason  is  that  they  appear  to  be  less  prone  to  misalignment  through  thermal 
expansion. 

Protection  limiters  precede  the  mixers  which  are  a commercial  balanced  Schottky  design,  fed  with  a 
local  oscillator  which  was  somewhat  unique  at  the  time  of  installation  in  that  it  uses  a SAW  line  at  a 
fundamental  of  1.03  GHz  and  was  designed  and  constructed  by  the  Applied  Physics  Group  at  RSRE.  A hybrid 
splitter  is  used  to  feed  the  local  oscillator  to  the  mixers  and  this  brings  the  IF  signals  in  phase, 

(Lewis  M F,  1974). 

The  head  amplifiers  are  tuned  to  an  overall  bandwidth  of  10  MHz  and  use  low  noise  dual  gate  FETs 
producing  a gain  of  41  dbs  including  the  mixers,  with  an  RF  noise  figure  of  7.5  dbs. 

The  entire  RF  head  with  head  amplifiers  is  mounted  in  a heated  box  adjacent  to  the  aerial. 

The  60  MHz  IF  signals  feed  to  the  main  amplifiers  via  20  m of  low  loss  cable.  The  lines  first 
divide  through  90°  hybrids  to  the  logarithmic  amplifiers  for  sum  and  difference  measurement  and  the  other 
ports  are  then  cross  coupled  in  a further  90°  hybrid  to  reconstitute  the  separate  beams.  Limiting  ampli- 
fiers then  follow  to  the  phase  detector  and  optionally  a further  pair  of  logarithmic  amplifiers  can  be 
worked  in  parallel  for  monitoring  purposes.  Ideally,  the  signals  at  the  input  to  the  limiters  would  be 
equal  but  interference  may  not  only  cause  phase  distortion  but  amplitude  variations.  An  inequality  indi- 
cation from  the  monitor  lowers  the  degree  of  confidence  in  the  measurement.  Unfortunately,  the  converse 
is  not  also  true  and  equality  does  not  necessarily  indicate  a high  degree  of  integrity. 
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The  outputs  from  the  logarithmic  amplifiers  and  the  phase  detector  feed  through  75  ohm  cable  and 
coaxial  sliprings  to  the  video  processing  unit. 

4.2  Video  Processing 

So  far  we  have  been  concerned  only  with  the  actual  measurement  of  the-j>£f-boresight  angle  without 
consideration  of  signal  detectability  or  validity. 

Each  expected  signal  will  contain  a group  of  two  or  more  pulses  of  nearly  equal  amplitude  and  this 
fact  enables  the  process  to  include  a method  of  recognising  wanted  signals  from  extraneous  ones.  The 
question  does  present  itself  as  to  whether  monopulse  measurements  be  made  on  all  the  pulses  in  the  group 
or  only  on  one,  or  some  of  them.  If  the  group  contains  pulses  occupying  predetermined  positions  as  is 
the  case  for  SSR  Mode  A replies,  the  receiver  need  only  examine  those  particular  places  in  order  to  make 
any  measurement,  but  in  general  the  content  between  the  bracket  pulses  is  flexible.  This  is  particularly 
the  case  for  Mode  C replies  and  even  more  so  for  the  longer  messages  proposed  for  ADSEL/DABS.  It  must  be 
accepted  that  if  multipulse  processing  is  adopted,  the  data  must  be  stored  until  the  last  bracket  pulse 
appears  in  its  correct  relationship  to  the  first  and  if  it  does  not  then  the  data  must  be  rejected  as 
invalid. 

There  are  several  options  as  to  the  means  by  which  multipulse  measurements  can  be  implemented. 

Among  these  are  those  in  which  the  received  signals  are  integrated  as  a group  before  quantisation  and  con- 
version to  equivalent  angles,  and  those  in  which  each  is  converted  first.  With  sum  and  difference 
processing,  the  logarithmic  amplifier  outputs  may  be  integrated  before  or  after  subtraction  to  derive  the 
log  (ratio),  an  arrangement  which  is  dependent  on  the  number  of  pulses  in  the  group  and  must  therefore  be 
adaptive.  It  is  to  be  noted  that  the  integration  of  logarithmic  receiver  outputs  is  not  entirely  meaning- 
ful if  all  the  pulses  are  not  of  about  equal  amplitude.  If  a low  level  interference  pulse  occurs  within 
the  group,  the  system  may  not  recognise  it  as  false  but  its  effect  on  the  measurement  would  be  out  of  all 
proportion  to  its  magnitude. 

With  direct  phase  angle  measurement,  integration  could  only  be  performed  after  the  phase  detector, 
but  again  some  adaptivity  is  needed  to  take  account  of  the  number  of  pulses  integrated. 

The  only  satisfactory  method  of  multipulse  measurement  is  to  process  each  pulse  independently  but 
this  does  call  for  faster  circuitry  if  quantisation  is  to  be  performed  as  each  pulse  appears.  One  way  of 
overcoming  this  requirement  would  be  to  take  advantage  of  the  newer  CCD  devices,  but  in  operational  equip- 
ment this  could  prevent  observations  of  signal  groups  occurring  closely  in  range.  In  the  RSRE  experimental 
receiver,  only  the  last  bracket  pulse  is  measured,  thus  reducing  all  signals  to  a worst  case  situation  for 
it  is  to  be  expected  that  multipulse  measurements  must  be  of  a higher  integrity. 

The  fact  that  sum  and  difference  channels  are  available  for  angle  measurement  also  provides  a means 
of  receiver  sidelobe  suppression  (RSLS).  As  already  stated,  ISLS  elicits  replies  over  about  twice  the 
sum  channel  3 db  beamwidth  whereas  the  crossover  between  sum  and  difference  beams  occurs  at  the  beamwidth 
limits  of  about  3 dbs.  Although  RSLS  causes  loss  of  information  it  also  reduces  the  amount  of 
interference.  In  practice,  as  is  the  case  for  the  RSRE  aerial,  the  difference  pattern  has  other  crossover 
points  in  the  nearer  sidelobe  region  but  outside  the  ISLS  range,  and  non-coherent  interference  (fruit)  is 

then  able  to  penetrate  the  monopulse  measurement  system.  The  incorporation  of  an  extra  channel  in  the  con- 

trol pattern  would  prevent  this  trouble  but  at  the  extra  cost  of  a complete  amplifier  end  diplexer. 

A problem  which  frequently  presents  itself  in  pulse  sampling  systems  relates  to  the  timing  accuracy 
of  the  sampling  pulse  in  relation  to  the  pulse  being  sampled,  when  the  former  is  derived  from  the  latter. 
Since  the  timing  is  usually  derived  by  relating  the  signal  pulse  to  a fixed  threshold  set  near  peak  noise 
level,  the  finite  rise  time  of  the  pulse  causes  variations  in  the  timing  of  the  crossover  as  the  signal 
level  varies.  At  RSRE,  this  is  also  followed  by  an  adaptive  threshold  which  automatically  sets  itself  to 

a level  3 dbs  below  the  peak  pulse  amplitude  and  is  therefore  capable  of  defining  the  width  of  each 

received  pulse.  Sampling  is  arranged  to  take  place  over  the  plateau  of  the  signal  and  short  pulse  rejec- 
tion circuits  are  incorporated.  A further  threshold  comes  into  operation  at  about  -6  dbs  and  this  is  held 
for  24  wS  so  as  to  allow  only  those  signals  of  similar  amplitude  to  the  first  to  appear  at  the  output 
whilst  low  level  interference  occurring  wit. .in  the  group  is  rejected.  Bracket  pair  detection  is  then 
performed  on  the  available  signals  to  envalilate  recognised  SSR  replies.  Higher  level  interference  within 
a group  would  be  accepted  as  part  of  the  coding  since  no  form  of  code  correlation  is  used  but  the  second 
bracket  pulse  would  still  terminate  the  message.  To  take  account  of  the  fact  that  most  SSR  reply  pulses 
droop  in  amplitude  towards  the  end  of  a group,  a similar  droop  is  permitted  in  the  second  threshold. 

The  code  pulses  between  the  bracket  pair  are  used  to  activate  a numeric  display  showing  identity  and 
height  positioned  alongside  a standard  PPI  display  which  presents  only  signals  from  validated  replies. 

Quantisation  of  signal  amplitude  is  performed  on  the  output  of  an  integrator  gated  during  the  plateau 
period  of  the  second  bracket  pulse.  This  helps  to  smooth  out  the  effect  of  noise  and  ripples.  As  is  well 
known,  the  pulse  shape  resulting  from  a passage  through  a logarithmic  amplifier  has  a fast  rise  time  but  a 
slower  linear  decay.  Integration  over  the  whole  pulse  length  would  result  in  an  output  which  is  not 
directly  related  to  amplitude  since  the  effective  pulse  length  varies  also. 

Aerial  bearing  is  encoded  to  a resolution  of  2.6'  and  provision  is  available  to  lock  the  interroga- 
tion rate  to  the  shaft  encoder  so  as  to  eliminate  uncertainties  derived  from  this.  Digitised  data  of  off- 
boresight  angle,  aerial  azimuth  and  range  are  punched  onto  paper  tape  and  the  various  operations  of 
processing  are  performed  by  an  ICL1907F  computer. 


5. 


INTERFERENCE 


Interference  in  SSR  can  take  several  forms: 

FRUIT:  Non-coherent  signals  from  transponders  replying  to  other  interrogators. 

GARBLING:  The  effect  of  random  or  synchronous  signals  from  transponders  at  similar  ranges, 

causing  overlapped  code  groups. 

MULTIPATH:  Coherent  signals  arriving  via  a secondary  path  and  either  interfering  with  the  direct 
signals  or  causing  the  appearance  of  false  targets. 

Signals  may  also  be  observed  from  DME,  which  covers  the  same  part  of  the  spectrum.  Although  some 
frequencies  are  reserved  as  a protection  for  SSR  the  possibility  of  images  being  received  still  remains. 

Since  the  interference  difficulty  in  SSR  is  already  well  documented,  we  need  only  be  concerned  here 
with  the  effect  it  will  have  on  the  monopulse  measurements. 

Fruit  interference  arises  because  of  the  multiplicity  of  interrogators  at  present  deployed  within 
operational  range  of  each  other.  The  eventual  implementation  of  ADSEL/DABS  will  reduce  the  number  of 
interrogators  and  by  virtue  of  the  considerable  decrease  in  the  interrogation  rate  from  each,  the  fruit 
problem  will  be  largely  overcome.  There  must  be  a transitional  period  when  both  systems  operate  and 
standard  SSR  will  remain  for  some  time  to  come. 

Fruit  signals  arriving  in  the  main  beam  are  accepted  as  genuine  unless  they  can  be  recognised  by  their 
lack  of  coherence  or  by  their  code  content.  In  the  sidelobe  region  fruit  can  be  rejected  by  RSLS,  but 
since  this  process  is  conducted  at  video  level  the  possibility  of  both  main  or  sidelobe  fruit  being  present 
simultaneously  with  a genuine  signal  cannot  be  ignored.  So  far  as  monopulse  is  concerned  a measurement  of 
the  of f-boresight  angle  will  be  made  on  the  resultant  of  the  interfering  signals.  In  general  one  may 
expect  that  since  the  fruit  will  not  have  identical  code  content  or  coherence  with  the  intended  signal, 
measurements  on  each  pulse  in  the  group  will  result  in  different  indicated  angles.  It  cannot  be  assumed 
that  sidelobe  fruit  is  necessarily  of  small  relative  amplitude,  because  a transponder  appearing  in  a side- 
lobe at  close  range  may  produce  a larger  signal  at  the  aerial  terminals  than  a more  distant  mainlobe 
transponder.  The  24  db  sidelobe  level  of  the  RSRE  aerial  corresponds  to  a range  ratio  of  16:1  for  equal 
signals  in  main  and  sidelobes,  and  it  is  therefore  to  be  expected  that  large  sidelobe  interference  levels 
are  common.  Because  of  the  incoherence  from  pulse  to  pulse  within  a code  group  which  fruit  interference 
may  have,  especially  as  the  carrier  frequency  offset  could  be  as  large  as  6 MHz,  multipulse  monopulse 
measurements  may  be  processed  to  yield  better  estimates  of  of f-boresight  angle  although  with  larger 
variance,  or  if  interference  is  detected  the  reading  may  be  deleted  altogether. 

Synchronous  garbling  has  a similar  effect  on  the  measurement  as  fruit  with  the  exception  that  whereas 
fruit  is  transitary  and  not  likely  to  affect  all  replies  obtained  within  a beamwidth,  overlapping  of 
replies  from  aircraft  at  similar  ranges  will  occur  for  a much  longer  period  and  extending  to  several  min- 
utes for  aircraft  on  parallel  tracks.  It  is  seen  that  observations  of  aircraft  in  holding  patterns  can 
create  particular  difficulties. 

ADSEL/DABS  with  their  ability  to  selectively  interrogate  aircraft  would  eliminate  this  problem, 
excepting  the  possibility  of  the  occasional  falsely  generated  reply. 

Multipath  creates  a more  serious  problem  because  the  interfering  signals  are  coherent  with  the 
desired  signal  and  have  long  correlation  times.  Because  of  the  limited  acceptance  angle  of  the  main  beam, 
the  path  length  difference  between  direct  and  multipath  signals  is  generally  less  than  20  feet  or  so  and 
separation  of  the  signals  by  their  time  of  arrival  cannot  be  performed.  Sidelobe  multipath  may  have  much 
longer  delay  times.  A flat  earth  might  be  expected  to  cause  no  error  in  an  azimuth  measurement  since  the 
indirect  path  lies  immediately  below  the  direct  path.  This  does  assume  however  that  the  overall  signal  to 
noise  ratio  has  not  been  affected  and  it  will  be  seen  that  for  low  signal  to  noise,  the  mean  value  of 
sin  ij;  in  (2)  can  only  be  reduced  from  its  ideal  value  of  unity  as  a result  of  introducing  a uniform 
phase  distribution  and  the  indicated  angle  will  be  biased  towards  boresight.  The  presence  of  a strong 
multipath  signal  in  antiphase  with  the  direct  wave  will  result  in  a lower  signal  to  noise  ratio  and  a bias 
towards  boresight  can  be  expected. 

The  effect  of  multipath  arriving  from  a different  direction  from  the  direct  signal  is  governed  not 
only  by  the  separation  of  their  respective  azimuths  but  by  the  signal  to  interference  ratio.  If  this  is 
greater  than  about  20  dbs  the  resulting  errors  are  of  the  order  of  0.1  beamwidths  or  less  corresponding 
to  12*  for  the  RSRE  aerial.  It  has  been  shown  that  the  type  of  process  used  can  affect  the  overall  per- 
formance in  the  presence  of  interference  (Cooper  D C and  WyndhamB  A,  1973).  Using  a statistical  model 
in  which  the  interferer  is  uncorrelated  with  the  desired  signal,  the  maximum  error  obtained  by  the  ‘worst* 
system  is  about  twice  that  of  the  'best*,  but  no  rigid  rules  are  established  as  to  which  system  remains 
the  best  under  all  possible  conditions.  In  the  paper  referred  to,  it  was  shown  that  the  direct  phase 
measuring  system  gave  smaller  maximum  errors  than  its  competitors,  including  amplitude  monopulse  processes, 
over  a wide  range  of  signal  to  interference  ratios.  It  is  to  be  expected  that  most  multiplath  signals  will 
have  a measure  of  coherence  with  the  desired  signal  and  it  has  been  shown  that  the  largest  errors  occur 
for  the  antiphase  condition.  (McAulay  R J,  1973). 

In  general,  it  may  be  stated  that  whereas  fruit  interference  effects  may  be  largely  reduced  by  multi- 
pulse processing,  multipath  interference  will  not  be  amenable  to  this  treatment  and  one  is  left  mainly 
with  systems  which  indicate  the  presence  of  multiple  signals  so  that  the  degree  of  confidence  is  lowered. 

As  the  elevation  angle  increases,  the  azimuth  multipath  error  increases  also  to  a maximum  followed 
by  a decline,  as  determined  by  surface  conductivity,  permittivity  and  the  roughness  of  the  ground.  It  is 
clear  therefore  that  aerials  with  a sharp  bottom  edge  cut-off  would  be  advantageous  and  for  future  systems 
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such  aerials  will  be  installed  but  in  existing  SSR  the  wide  vertical  fan  beam  has  the  unfortunate  ability 
to  cover  large  areas  of  local  ground.  Fuller  treatment  of  the  interference  problem  have  been  published 
elsewhere  and  in  particular,  work  at  the  Lincoln  Laboratories  has  been  directed  to  SSR.  (Kulke  B, 

Rubinger  B,  Haroules  G G,  1971  and  McAuley  R J,  McCarty  T P,  1973). 

6.  EXPERIMENTAL  PROGRAMME 


Observations  have  been  made  of  transponders  located  on  the  ground  at  known  positions  and  of  aircraft 
in  flight. 

6.1  Fixed  Transponders 

Although  ground  based  transponders  have  some  merit  in  that  they  can  afford  an  accurate  reference  for 
determining  biases  in  the  monopulse  results,  they  also  suffer  from  the  practical  difficulty  of  deployment 
at  reasonable  ranges  within  line  of  sight  without  the  added  problem  of  multipath.  A particular  site 
available  to  RSRE  appeared  to  be  ideal  before  measurements  were  made,  being  at  an  elevation  of  0.6°  at 
16  Km,  but  a serious  multipath  effect  amounting  to  about  0.75°  was  noted.  This  latter  error  was  found 
using  different  equipment  at  a slightly  different  position  to  the  radar  reported  on  in  this  paper,  but 
the  experience  did  produce  some  caution  in  choosing  sites  for  future  experiements . 

6.2  Results  of  Fixed  Transponder  Measurements 

Several  sites  were  chosen  and  a number  of  aerial  sweeps  were  made  for  each  position.  Each  sweep 
records  28  possible  replies  for  both  direct  phase  and  sum  and  difference  processes,  and  programmes  have 
been  written  to  make  available  a number  of  output  presentations.  Figs  9a,  9b  show  both  sum  and  difference 
and  the  phase  detector  responses  for  about  200  independent  plots  each  at  two  sites. 

Fig  9a  shows  the  outputs  from  a site  relatively  clear  of  multipath.  The  sum  and  difference  curve  is 
from  the  quantised  output  of  the  log  differencing  circuit  whilst  the  phase  curve  is  the  quantised  output 
from  the  phase  detector.  Fig  9b  shows  the  effect  of  multipath  causing  a decrease  in  the  difference/sum 
ratio. 


The  same  results  are  replotted  in  Figs  10a,  10b  after  conversion  to  indicated  azimuth.  The  sum  and 
difference  plots  have  been  offset  upwards  by  S'  and  the  phase  plots  displaced  downwards  by  S'  so  as  to 
avoid  confusion  with  each  other.  The  scales  are  in  minutes  from  true  north. 

The  multipath  effect  of  Fig  9b  is  shown  in  Fig  10b  in  which  the  sum  and  difference  plots  not  only 
show  a step  in  the  indicated  azimuth  about  boresight  but  a progressive  error  as  the  aerial  rotates.  As 
Fig  9b  shows,  there  is  a much  reduced  boresight  notch  depth  which  is  interpreted  by  the  calibration 
characteristic  as  a larger  of f-boresight  angle  than  would  otherwise  occur.  At  the  beam  edges  where  the 
largest  angles  are  expected,  the  indicated  azimuth  is  approximately  correct,  but  as  boresight  is 
approached,  the  error  increases  until  the  sense  indication  causes  a switch  about  the  boresight  position. 

The  phase  process  results  appear  to  be  more  acceptable  in  that  the  errors  are  larger  at  the  beam  edges 
but  are  correct  closer  to  boresight.  In  spite  of  this,  the  two  processes  yield  a statistically  similar 
bias  error  of  about  -5'  whilst  the  rms  error  over  the  beamwidth  is  found  to  be  about  2.5  times  larger  for 
the  sum  and  difference  process. 

The  plots  of  Figs  10a  and  10b  are  included  in  Table  1 which  summarises  the  results  from  a number  of 
different  sites  at  distances  up  to  30  Km.  The  true  azimuths  were  derived  from  National  Grid  references. 
Interrogations  were  exclusively  with  Mode  D and  consequently  the  transponder  was  not  captured  by  inter- 
rogations from  operational  SSR  sites  within  range.  For  this  reason  sliding  window  comparisons  are  not 
too  meaningful  since  the  conditions  are  not  representative  of  a true-life  situation.  It  is  to  be 
expected  that  results  for  sliding  window  plots  with  no  missed  replies  will  not  be  dissimilar  to  the  mono- 
pulse results  but  it  is  emphasised  that  the  latter  are  obtained  cn  a single  reply  basis  only. 

The  table  shows  the  indicated  azimuth  for  Phase  and  Sum  Difference  (S  & D)  processes,  based  on 
7 consecutive  aerial  sweeps  for  each  site  and  up  to  28  replies  in  each.  The  standard  deviations  (o)  for 
both  processes  are  about  3'  and  it  must  be  remembered  that  one  source  of  uncertainty  lies  in  the  limited 
resolution  of  the  aerial  shaft  encoder,  namely  + 1.3'. 

An  experiment  has  been  made,  but  not  detailed  here,  in  which  the  interrogator  PRF  is  locked  to  the 
least  significant  bit  of  the  shaft  encoder  in  order  to  eliminate  encoder  error,  and  this  ha<  been 
successful . 

The  bias  errors  average  to  less  than  2'  for  all  processes  and  it  is  pointed  out  that  the  true  azimuths 
for  two  of  the  sites  are  not  known  accurately. 

It  is  evident  from  Figs  10  that  the  overall  errors  for  the  phase  monopulse  is  worse  nearer  the  beam 
edges  than  closer  to  boresight.  This  is  due  mainly  to  an  incomplete  knowledge  of  the  calibration 
characteristic.  Phase  distortion  in  the  sum  and  difference  circuits  preceding  the  combining  hybrids  was 
assumed  to  be  zero  but  if  a correction  is  applied  in  accordance  with  Fig  7,  a more  consistent  result  would 
be  obtained  across  the  beam.  Further,  the  phase  detector  output  for  near  beam  edge  responses  may  occasion- 
ally equal  or  exceed  the  assumed  maximum  value  normally  obtained  for  true  beam  edge  signals.  These  must 
be  assigned  the  beam  edge  value  and  the  indicated  azimuth  will  then  diverge  rapidly. 

6.3  Airborne  Transponders 

Observations  on  aircraft  offer  opportunities  for  continuous  measurements  under  real-life  conditions. 
Indeed,  there  may  be  a problem  in  acquiring  too  much  data,  but  the  main  difficulty  lies  in  the  fact  that 
an  uncooperative  aircraft  cannot  be  assigned  a true  position  at  each  point  in  its  track.  The  best  that 
can  normally  be  done  is  to  compute  a best  fit  curve  through  a succession  of  measured  points  by  any  of  the 
well  known  track  smoothing  techniques  and  noting  the  departures  made.  This  routine  would  not  reveal  any 
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bias  in  the  measurement  which  can  only  be  found  if  one  knows  true  position.  For  this  reason,  RSRE  have 
made  observations  mainly  on  a cooperative  aircraft.  Before  elaborating  on  these  results  it  is  worth  con- 
sidering the  options. 

To  establish  the  true  position  of  an  aircraft  at  long  ranges  it  is  usually  necessary  to  rely  on  the 
aircraft's  own  navigational  equipment  for  a fix  and  to  transmit  the  information  to  the  remote  observer. 

That  this  procedure  is  inadequate  for  continuous  track  following  is  self  evident.  A special  channel  of 
conmiunication  would  need  to  be  opened  although  it  is  conceivable  that  the  downlink  message  formats  of  the 
ADSEL/DABS  proposals  would  allow  such  a channel  to  be  incorporated  within  the  observing  system. 
Alternatively  the  position  data  may  be  recorded  on  board  and  made  available  at  some  later  time.  Either 
way  there  must  be  some  degree  of  cooperation  on  the  part  of  the  aircraft  operator  and  it  is  therefore  not 
possible  to  extend  such  arrangements  to  include  any  aircraft  observable  to  the  ground  station.  On-board 
recording  also  presents  the  necessity  for  accurate  simultaneous  time  recording  which  would  need  to  be  made 
from  Standard  Time  transmissions  or  local  atomic  clocks  which  have  been  previously  synchronised. 

It  must  be  accepted  that  with  the  exception  of  specially  equipped  aircraft,  the  integrity  of  on- 
board navigational  data  is  open  to  scepticism  and  it  is  not  likely  that  any  position  can  be  relied  on  to 
be  better  than  about  0.5  mile.  To  be  independent  of  on-board  sensors,  observations  would  need  to  be  made 
from  ground  based  radars  which  are  themselves  subject  to  the  same  kind  of  errors  as  the  system  under  test. 
At  RSRE  a co-mounted  primary  radar  is  available  but  for  the  reason  given  was  not  used  as  a reference 
standard. 

One  possib«'iv  ^hich  is  being  investigated  uses  the  SSR  system  itself  but  in  collaboration  with 
specially  deployed  slave  interrogators.  The  latter  would  comprise  a standard  interrogator/receiver 
coupled  so  as  to  cause  a second  interrogation  after  receipt  of  a signal  from  an  aircraft  transponder. 

If  the  slave  is  deployed  close  to  the  side  of  an  air  corridor  with  a fixed  vertical  fan  beam  positioned 
across  the  path  of  aircraft  in  the  corridor,  then  slave  interrogations  only  occur  whilst  an  aircraft  is 
within  its  beam.  A remote  interrogator  will  initiate  a response  from  the  transponder  which  in  turn 
causes  itself  to  be  re-interrogated  after  a delay  determined  by  its  range  from  the  slave  and  a fixed  delay 
to  clear  the  transponder's  dead  time.  The  remote  observer  will  then  see  a reply  from  the  initial  inter- 
rogation followed  by  a further  reaponse  only  whilst  the  aircraft  is  in  the  relatively  closely  defined 
region  of  the  slave  beam.  It  is  conceivable  that  by  the  incorporation  of  a monopulse  detector  in  the  slave 
and  modulating  the  delay  of  alternate  slave  interrogations  with  the  angle  information  so  obtained,  the 
position  of  an  aircraft  within  the  slave  beam  can  be  more  localised.  Although  this  scheme  is  suggested 
mainly  as  a temporary  calibration  device,  the  possibility  of  its  deployment  as  a permanent  performance 
monitor  available  to  any  SSR  interrogator  might  be  worth  further  consideration. 

6.4  Results  of  Aircraft  Measurements 

It  was  stated  earlier  that  RSRE  measurements  were  made  on  a cooperative  aircraft,  namely  a Comet  4B 
fitted  with  accurately  calibrated  recording  navigational  equipment.  Data  is  obtained  from  multistation 
DME,  an  Inertial  Navigator  and  other  standard  equipment,  and  is  referenced  to  Rugby  Standard  Time 
transmissions.  Positional  data  is  recorded  on  magnetic  tape  and  track  plots  can  be  reproduced  at  leisure. 

At  the  time  the  recordings  were  made  that  are  presented  in  this  paper,  no  time  reference  was  available 
at  RSRE  and  consequently  we  can  only  relate  track  positions  from  the  navigational  data  to  those  obtained 
by  SSR  monopulse  measurements  without  correlating  the  time. 

Fig  11  shows  a series  of  plots  obtained  from  monopulse  measurements  for  a succession  of  orbits  of 
5 miles  diameter,  70  miles  south  of  the  interrogator.  The  centre  of  each  circle  is  the  mean  of  the  range 
and  azimuth  values  obtained  for  each  sweep  of  the  aerial  translated  to  map  positions.  The  radius  of  the 
circle  is  equal  to  the  standard  deviation  of  the  azimuth  measurements.  Plots  are  shown  of  the  positions 
obtained  for  both  monopulse  processes  and  sliding  window,  and  for  reference,  Fig  11  shows  the  track  as 
recorded  by  the  aircraft's  inertial  navigator  which  was  known  to  have  developed  a bias  error  of  2.5  Km 
during  the  course  of  several  hours  flying. 

It  will  be  seen  that  the  standard  deviations  for  most  of  the  plots  are  less  than  0.1  mile.  The 
largest  deviations  arise  from  single  fruit  signals  in  each  sweep  fortuitously  occurring  at  the  same  range 
and  not  therefore  rejected.  The  error  over  the  ground  must  obviously  increase  with  range  and  translating 
these  observations  to  200  miles  we  could  expect  ground  errors  of  about  0.5  mile  not  taking  account  of 
propagation  effects.  The  sliding  window  plots  shown  for  comparison  must  be  viewed  with  caution.  Mode  D 
interrogations  were  made  for  these  plots  as  for  the  static  results,  excepting  that  the  aircraft  trans- 
ponder was  open  for  Mode  A so  that  capture  by  that  mode  was  possible,  but  not  by  Mode  C.  Consequently, 
errors  from  missed  plots  will  be  smaller  than  for  operational  systems.  Further  departures  from  normal 
practice  arise  because  detections  are  based  on  a sum  > difference  threshold  and  also,  by  virtue  of  the 
nature  of  the  pulse  definition  circuitry  with  its  own  threshold  operation,  the  effect  of  interference  on 
the  sliding  window  estiautes  will  be  different.  Whereas  monopulse  measurements  maybe  made  on  28  replies 
separately,  sliding  window  estimates  require  all  valid  replies  obtained  in  each  sweep  and  it  is  not 
possible  to  present  standard  deviations  for  this  process. 

7.  CONCLUSIONS 


The  number  of  measurements  made  under  a wide  range  of  conditions  has  so  far  been  small,  but  results 
presented  here  show  that  of f-boreaight  monopulse  is  capable  of  yielding  plots  of  a high  integrity,  even 
on  the  basis  of  single  pulse  measurements.  Multipulse  processing  combined  with  interference  detection 
would  no  doubt  improve  the  reliability  further,  as  would  a more  detailed  knowledge  of  the  system 
calibration.  Experiments  are  continuing  and  the  problem  of  establishing  bias  error  on  aircraft  plots  is 
being  investigated  in  more  detail. 
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Fig.  7 Effect  of  sum  and  difference  phase  shift  on  reconstituted  beam  phase 
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Fig.  10(a)  Indicated  versus  aerial  azimuth 
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Fig.  1 1(a)  Phase  monopulse  plots 
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Fig.  1 1(b)  Sum  and  difference  monopulse  plots 
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P C J HILL: 


B A WYNDHAM: 


L MILOSEVIC: 


B A WYNDHAM: 


DISCUSSION 


Using  two  antenna  arrays  there  are  three  degrees  of  freedom  (two  amplitude  and  one 
relative  phase)  for  determining  Individual  signals  from  a multipath  environment; 
this  Is  Insufficient  to  properly  direct  a wanted  signal  (amplitude  and  phase)  In  the 
presence  of  a reflected  signal.  Have  you  considered  the  use  of  an  additional 
element  thus  providing  five  degrees  of  freedom,  which  Is  sufficient  to  resolve  the 
two  signal  contributions? 

I am,  of  course,  aware  of  the  advantages  of  extra  elements  to  Improve  direction- 
finding  accuracy  In  a multipath  environment,  and  reports  of  such  systems  have  been 
published.  However,  I should  point  out  that  our  own  experiment  Is  being  made  with 
an  aerial  which  Is  a modification  of  an  existing  widely  used  design  and  no  provision 
for  extra  elements,  or  re-distrlbution  of  existing  elements,  would  have  been 
possible. 

Je  vais  falre  plutot  un  comnentalre  que  poser  la  question.  La  technique  monopulse 
dans  le  SSR  devient  necessalre  avec  une  Interrogation  selective,  avec  une 
Interrogation/ response  par  passage  du  lobe. 

Cette  Interrogation  selective  est  envlsagee  pour  evlter  le  "garbling"  c'est  a dire 
le  broulllage  des  r^ponses  par  leur  chevauchement . 

Ce  chevauchement  resulte  des  rdponses  des  ardonefs  dont  la  separation  est  lnf^rieure 
a la  longueur  du  message  de  r£ponse  soit  20,3  m/s  ou  + 3,5  km. 

Ce  chevauchement  depend  done  de  la  configuration  du  vol  et  non  pas  de  la  cadence 
d' interrogations. 

II  en  resulte  que  sa  duree  peut  etre  tres  longue.  Elle  entralne  cependant 
essentiellement  la  perte  d ' Information,  l'ldentlte  ou  l'altitude  sulvant  le  mode 
d' interrogation  sans  toutefois  empecher  la  detection  de  la  presence  des  avions, 
grace  a la  separation  des  impulsions  d ' encadrement  (frame  pulses)  d'oti  n^anmoins-une 
dlfflculte  de  la  poursuite  des  cibles  et  la  recherche  d'une  solution  pour  elimlner 
le  garbling. 

Une  solution  est  celle  d' interrogation  selective  utills£e  dans  le  systeme  ADSEL/DABS. 

Une  autre  solution  peut  etre  trouvee  dans  le  SSR  en  modifiant  essentiellement  la 
procedure  des  reponses. 

A la  place  des  reponses  regulleres  a chaque  interrogation  rejue  a bord  on  peut 
envisager  des  reponses  sulvant  une  loi  aleatoire  1 fois  sur  2,  ou  1 fois  sur  3 ou 
sur  4 sulvant  le  cas. 

Le  nombre  d ' interrogations  peut  etre  augmente-le  nombre  de  reponses  £tant  r^dult- 
pour  avoir  le  nombre  de  reponses  sufflsant  pour  assurer  la  poursuite  des  a^ronefs 
satlsfalsant  de  meme  que  le  de'frultage  des  reponse's. 

Nous  avons  Bimule  le  procede  et  les  resultats  obtenus  sont  satisfalsants. 

Nous  avons  presente  ce  procede  dans  une  reunion  d'Eurocals  et  dans  une  journee 
d'etudes  du  SEE  en  1975.  Nous  fournirons  des  resultats  plus  detallle's  au  Congres 
des  Institute  Internationals  de  Navigation  a Cambridge  (USA)  en  Aout  prochaln. 

I thank  M Milosevic  for  his  comment  but  I do  not  think  there  is  time  to  elaborate 
on  comparisons  of  his  proposal  with  ADSEL/DABS.  However,  my  paper  referred  to  the 
application  of  monopulse  in  SSR  and  It  seems  to  me  that  the  procedure  of  randomly, 
and  deliberately,  suppressing  responses  has  the  same  effect  as  over- Interrogation 
and  reinforces  the  case  for  monopulse. 


i 


25-1 


//DENTIFICATION  jj  [+  [+ 

DANS  LES  ZONES  A FORTE  CONCENTRATION  D'  INTERROGATEURS 

F.X.  PRUVOT  - S E C R E 
214,  rue  du  Faubourg  Saint  Martin 
75010  - PARIS  - FRANCE 


SOMMAIRE 


Le  systAme  IFF  ou  le  Radar  secondaire  de  surveillance  ( SSR)  est  utlllsA  depuls  plusleurs  dizaines  d'an- 
nAes  et  ses  InconvAnlents  sont  asset  blen  connus.  Les  diverses  Atudes  effectuAes  ont  permls  de  dAflnir 
pr Ac  Is Ament  les  limitations  du  systAme.  Mala,  gAnAralement , ces  Atudes  ont  AtA  conduites  en  s'attachant 
A Involution  du  traflc,  c'est-A-dire  A 1 'augmentation  du  nombre  d'aAronefs  . L'examen  des  limitations  du 
systAme  dans  le  cas  partlculier  des  zones  A forte  concentration  d 1 interrogateurs  montre  que  la  reduction 
du  taux  de  rAponses  due  aux  blocages  du  rApondeur  est  la  prlnclpale  perturbation  . Les  situations  pour 
lesquelles  la  densitA  de  fruits  est  trAs  lmportante  peuvent  provoquer  Agalement  une  reduction  du  taux  de 
ddcodage  , Enfln,  lorsque  les  frAquences  d 1 Interrogation  sont  les  mAmes,  les  fruits  requs  ne  seront  plus 
aaynchrones  et  l'on  verra  apparaltre  des  rAponses  fantdmes  . 

Pour  remAdier  A ces  divers  lnconvdnlents  les  procAdds  de  traltement  tradltionnels  peuvent  Atre  dlffArents 
et  si  les  caractArlstiques  de  l'ensemble  d' Interrogation  sont  dAfinles  A partir  des  caractArlstiques  glo- 
bales  du  systAme  c'est-A-dlre  principalement , le  nombre  d'unitAs  dAployAes,  1 'ordonnancement  de  ce  dAploie- 
ment  et  le  mode  de  surveillance  adoptA,  on  pourra  alors  espArer  obtenlr  des  performances  satlsfalsantes : 

I.-  GENERAL ITES 


Les  prlnclpales  limitations  des  performances  du  SSR,  manque  de  rAponses,  fruits  et  garbling,  se  retrou- 
vent  bien  sOr  dans  la  prAsente  Atude,  male  avec  des  influences  trAs  diffArentes  , 

En  effet,  un  rApondeur  sltuA  dans  la  zone  d'actlon  de  plusleurs  interrogateurs  peut  Atre  sollicitA  par  les 
lobes  prlnclpaux  et  par  les  lobes  secondaires  des  antennes  de  ces  interrogateurs,  Le  rAcepteur  du  rApondeur 
se  trouve  bloquA  pendant  des  temps  non  nAgligeables  et  1 ' accumulation  de  ces  derniers  provoque  une  diminu- 
tion trAs  aenaible  du  taux  de  rAponse 

D'autre  part  lorsque  les  frAquences  d'interrogation  sont  les  mAmes  et  compte  tenu  de  la  trAs  grande  stabi- 
lltA  des  osclllateurs  modernes,  les  " fruits  " requs  ne  seront  plus  asynchrones  et  l'on  verra  apparaltre 
des  rAponses  fantfimes. 

Enfln  un  avion  peut  passer  totalement  lnaperqu  d'un  interrogateur  si  son  signal  d'interrogation  est  prA- 
cAdA  par  celul  d'un  Interrogateur  volsin,  d'un  intervalle  lnfArieur  au  temps  mort  du  rApondeur  concernA. 

L'Atude  thAorique  des  diverses  configurations  de  zone  A forte  concentration  d ' Interrogateurs , a permls 
d'Avaluer  approxlmativement  1 'importance  des  perturbations  affectant  un  rAseau  de  surveillance  donnA 

Pour  cela  noua  avons  examlnA  successlvement  : 

- le  taux  de  rAponse  du  rApondeur 

- les  fruits 

- le  traltement  AlAmentalre  des  rAponses  . 

2,-  LE  TAUX  DE  REPONSE 

Un  rApondeur  n'envole  pas  de  rAponse  lorsque 

a)  le  niveau  de  1 • interrogation  n'est  pas  sufflsant  pour  franchlr  le  rAcepteur  du  rApondeur,  soit  par 
Aloignsment,  soit  par  manque  de  couverture  de  l'antenne,  soit  par  dAsensibilisation  du  rAcepteur. 

b)  le  rAcepteur  est  bloquA 

soit  par  une  interrogation  en  provenance  d'un  lobe  principal  et  provoquant  une  rAponse  ( 100  ps) 

soit  par  une  interrogation  en  provenance  d'un  lobe  secondaire  et  ne  donnant  pas  lieu  A une  rAponse 
( 30  pa  ) 

Le  manque  de  rAponse  do  A 1 ' lnsuff lsance  du  niveau  de  1 ' interrogation  n'a  pas  AtA  examlnA  puisque 
cela  dAcoule  de  l'Atude  de  mlse  en  oeuvre  de  1 ' interrogateur.  Par  contra  la  dAsensibilisation  du 
rApondeur  sera  examlnAe  aprAs  l'Atude  des  variations  du  taux  de  rAponse  due  au  blocage  du  rApon- 
deur . 


_ 
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2.1.-  Blocages  dus  aux_rdgonses 

Ces  blocages  nous  condulsent  h examiner  lea  conditions  dans  lesquelles  un  tranapondeur  peut  ttre 
solllcltd  par  n Interrogateurs  et  done  la  probability  d'etre  dclalrd  simultan&nent  par  k 
Interrogateurs  . 


SI  o[  reprdsente  l'ouverture  en  degrd  d'angle  du  lobe  principal 
a ■ / cf  i k t . ol  . n-k 


On  a 


PK 


( ^-)k  ( 1-  ) 
'360^  ‘ v 360  ' 


k.'  (n-k)! 

PK  est  la  probability  d'avoir  k stations  qui  interrogent  la  cible  k un  instant  donn6. 


On  suppose,  dans  cette  relation,  que  : 

- tous  les  interrogateurs  sont  r£partis  d'une  fagon  homogfene 

- n est  le  nombre  d ' interrogateurs  qui  sont  susceptibles  d'atteindre  l'avion 

- les  n stations  ont  les  mfemes  caractdrist iques  ( PRF  , largeur  de  lobe  et  vitesse  de  rotation) 


En  prenant  conme  frequence  d ' interrogation  450  hertz,  on  peut  calculer  la  probability  de  ryponse 
en  fonction  de  k,  en  tenant  compte  de  ce  qu'une  interrogation  peut  arriver  pendant  la 
p6riode  de  blocage  du  rypondeur  qui  ici  a yty  estimye  k un  maximum  de  100  ns  ( Figure  1 ) . 

Connaissant  pour  cheque  valeur  de  n la  fonction  de  rypartition  du  nombre  de  recouvrement  on  peut 
tracer  la  mydiane  en  fonction  du  nombre  d' interrogateurs  , e'est-fc-dire  le  taux  de  ryponse  ayant 
50  7.  de  chance  d'etre  atteint  . 


Pour  donner  une  representation  du  taux  de  ryponse  minimum  , on  a trace  en  pointiliy  le  dernier 
dycile  et  le  dernier  centile,  c'est-&-dire  que  dans  10  ou  1 70  des  cas  le  taux  de  ryponse  pourra 
descendre  en  dessous  des  valeurs  indiquees  par  les  courbes  en  pointiliy  de  la  figure  2. 


Influence  de  la  dysensibilisat ion  # 

v>  . 

On  sait  que  la  valeur  maximum  du  nombre  de  ryponses  dmises  par  le  rypondeur  est  gynyraiement*  situye 
aux  alentours  de  1200  ryponses  par  seconde  et  qu'au-del&,  la  dysensibilisation  aura  pov^r  effet  de 
ne  prendre  en  compte  que  les  interrogations  les  plus  proches  . N>* 

Ceci  nous  am&ne  k constater  que  le  taux  de  ryponse  peut  fetre  considyry  de  deux  fagons  : 

- d'une  part  lorsque  le  nombre  de  ryponses  est  infyrieur  k 1200  ryponses  , le  taux  de  ryponse 
varie  de  100  k 88  7» 

- d' autre  part  lorsque  le  nombre  d ' interrogations  est  supdrieur  k 1200  , le  taux  de  ryponse  est  de 
0 ou  88  7.  . 

En  effet  la  baisse  de  sensibility  seta  telle  que  les  interrogations  les  plus  lointaines  ne  seront 
pas  dytectyes  et  par  consyquent  ne  donneront  pas  lieu  k ryponses  . 

Toutefois  la  baisse  de  sensibility  du  transpondeur  ne  s'effectue  pas  d'une  manifcre  instantanye  et 
1 ' on  peut  remarquer  que  lorsque  le  recouvrement  de  plusieurs  lobes  se  rdalise  rapidement  la  density 
de  ryponses  pendant  une  courte  pdriode  peut  aller  bien  au-deia  de  1200/  s et  le  taux  de  ryponse  peut 
fttre  alors  infyrieur  k 88  7.  . ( voir  figure  1 ) . 


2.2.-  Blocages  dus  aux  interrogations  sur  lobes  secondaires 

Puur  ytudler  cette  configuration  nous  avons  fait  l'hypothyse  que  les  lobes  secondaires  ymis  ytaient 
assimilables  k un  rayonnement  omnidirectionnel  . Cette  valeur  peut  fetre  calcuiye  en  fonction  de  la 
portde  du  lobe  principal  et  du  rayonnement  moyen  des  lobes  secondaires. 

On  sait  par  ailleurs  que  le  rdpondeur  n'envoie  pas  de  ryponse  iorsqu'il  dytecte  une  interrogation 
par  les  lobes  secondaires  et  qu'il  bloque  le  dycodage  pendant  un  temps  de  30  microsecondes  environ. 

Si  le  taux  de  blocage  atteint  5000  par  seconde  le  rypondeur  doit  fetre  muni  d'un  dispositif  du  type 
k reduction  de  sensibility  afin  de  limiter  le  taux  de  blocages  k un  maximum  de  lOOOOpar  seconde  . 

On  peut  done  calculer  le  taux  de  ryponse  du  rypondeur  Iorsqu'il  est  bloquy  par  des  interrogations 
dues  aux  lobes  secondaires,  en  foention  du  nombre  de  blocages,  e'est-d-dire  du  nombre  de  recouvrements 
de  lobes  en  prenant  comme  frequence  d' interrogations  450  Hertz  , et  en  tenant  compte  du  fait  qu'une 
interrogation  peut  arriver  pendant  une  pyriode  de  blocage  . ( Voir  Figure  3 ) . 

Pour  mettre  en  yvidence  la  variation  du  taux  de  rdponse  en  fonction  de  la  density  des  interrogateurs 
nous  a^ons  tracy  ce  taux  en  fonction  du  nombre  d' interrogateurs  pour  diffyrentes  valeurs  de  k : 
k * n , k * n/10  et  k * n/  100  correspondent  & une  concentration  plus  ou  moins  forte  des 
interrogateurs  - Voir  Figure  4 en  pointiliy  . 

Ces  courbes  ne  tiennent  pas  compte  de  I'incidence  sur  le  lobe  principal  de  la  baisse  de  sensibility 
du  rycepteur  lorsque  le  taux  d ' interrogation  sur  lobes  secondaires  atteint  ou  dypasse  10000  par  seconde. 


Cette  baisse  de  sensibility  aura  pour  effet  de  supprimer  les  rdponaes  des  Interrogations  les  plus 
lointaines  et  sera  done  fonctlon  de  1 ' Implantation  des  interrogateurs  , de  leur  density  et  de  leur 
nombre  , 

Les  courbes  en  traits  plelns  de  la  figure  4 ddcoulent  des  courbes  en  polntlliy  , corrlgdes  en  fonctlon 
du  taux  de  ryponse  dQ  aux  blocages  provoquAs  par  l'ymlssion  d'une  ryponse  ( Figure  2 ).  Elies  expriment 
done  lc  taux  de  ryponse  global  en  fonctlon  de  tous  les  types  de  blocages. 


LES  REPONSES  ASYNCHRONES  OU  FRUITS 

L'ytude  du  nombre  de  fruits  eat  faite  ici  dans  le  but  de  donner  un  apergu  de  Involution  des  fruits  en 
fonctlon  du  nombre  d'interrogateurs.  Pour  constater  1' influence  des  fruits  sur  ie  traltement  des  rdponses 
on  a yty  amend  A examiner  non  pas  le  nombre  de  fruits  par  tour  d'antenne,  mais  plutSt  la  density  de  fruits 
dans  un  lobe  d'antenne  ,Cela  nous  conduit  4 calculer  la  probability  du  nombre  de  " sources  de  fruits  " 
situdes  dans  le  lobe  de  l'antenne  pendant  son  passage  sur  la  clble  cholsle. 

Les  dlffdrentes  hypotheses  faites  sont  les  suivantes  : 

Utilisation  de  1'  ISLS  et  du  RSLS 

- Les  stations  interrogatrlces  ont  les  mfenes  paramdtres  ( PRF,  Vitesse  de  rotation,  puissance 
d' interrogation  , largeur  de  lobe  ) 

- II  n'a  pas  dtd  tenu  compte  de  la  diminution  de  sensibility  du  rdpondeur  . 

Les  paramdtres  utlllsds  pour  les  calculs  aont  les  sulvants  : 

- Nombre  moyen  d'avlons  dans  le  lobe  d'antenne 

Ms  “ A -X. 

360 

A * nombre  d'avlons  sous  la  couverture  de  la  station  considdrde 
oC  - ouverture  du  lobe  principal  de  l'antenne  en  degrd  d'angle 

- La  position  des  avions  dtant  supposde  dqulprobable  en  azimut  , le  nombre  d'avlons  dans  le  lobe 
d'antenne  est  donnd  par  une  loi  de  Poisson  de  moyenne  Ma  , 

PnA  “ probability  de  trouver  n avions  dans  le  lobe  d'antenne 

- Nombre  moyen  de  stations  dclalrant  un  avion  : 

ms  • S oi 
360 

S « nombre  de  stations  pouvant  atteindre  1 'avion  . 

Le  nombre  de  stations  ydairant  un  avion  est  donnd  par  une  loi  de  Poisson  de  moyenne  ms. 

A partir  de  ces  deux  lois  de  probability  on  peut  calculer  celle  du  nombre  de  " sources  de  fruits  " 

- Nombre  de  " sources  de  fruits  " en  fonction  du  nombre  Ai  d'avlons  dans  le  lobe  . 

Ce  nombre  est  donnd  par  une  loi  de  Poisson  de  moyenne  ms  - Ai  . 

PNnSF  * Probability  de  N sources  de  fruits  lorsqu'll  y a n avions  dans  le  lobe  . 

La  fonctlon  de  probability  du  nombre  de  " sources  de  fruits  " est  alors  : 

PNSF  *5"°"  . PnA. PNnSF 

<—  n * 1 

La  Figure  5 donne  la  mddlane  du  nombre  de  fruits  pour  les  valeurs  suivantes  des  paramdtres  : 

ma  - 0,5  ; l ; 2 , 4,8  et  16 

et  - 3,6°  , 6°  , 12° 

Sur  la  figure  5 nous  avons  reprdsentd  pour  chaque  valeur  de  ma  et  pour  lea  trola  valeurs  de 
le  nombre  A d'avlons  correapondants  . 

L'examen  de  cette  figure  nous  permet  de  constater  que  le  nombre  moyen  dea  fruits  est  proportlonnel 
au  nombre  d' Interrogateurs  ou  au  nombre  de  rdpondeura  et  que  par  allleura  ce  nombre  est  proportlonnel 
au  carrd  de  1' ouverture  de  l'antenne. 

En  figure  6 eat  reprdaentde  la  rdpartltlon  dea  sources  de  fruits  en  fonctlon  du  nombre  d' Interrogateurs 
pour  le  peraafetre  a * 8 

Lea  courbes  de  la  figure  6 donnent  , en  fonctlon  du  nombre  d' Interrogateurs  le  premier  centlle  , 
ddclle  et  quartlle  , la  mAdlane  , le  dernier  quartlle  , ddclle  et  centlle  , c'est-A-dlre  lea  valeurs 
ayant  respect ivement  une  probability  d'etre  attelntes  de  99  %,90"4,  757,  50  X , 25  X 10%  et  1%  . 


4.-  frequences  p1  interrogation 


II  eat  tiace  frequent  dc  constater  qua  da  noobreux  lr.tarrogataura  poseddent  la  mine  frequence 
d' Interrogation  . Da  plua  l'utillaatlon  da  quartx  da  rdfdrence  pour  la  chronoodtrie  da  baae  daa 
atatlona  antralna  una  amelioration  considerable  aur  la  precision  at  la  stability  da  catta  frequence 
d' Interrogation.  Malheureusaoent  catta  aadlloratlon  s'accoopagne  da  qualquaa  lnconvdnlents  . 

Dabord  laa  rdponaea  daises  par  un  rdpondeur,  1 partlr  d' Interrogations  an  provanance  d'autraa 
lntarrogataura  , davlannant  aynchronea  at  donnaront  Uau  4 daa  rdponaea  " fantOoes  " . 

Pula,  la  probability  da  non  rdponse  totala  augmanta,  car  11  aufflt  qua  1 ' Interrogation  utile  arrive 
dana  laa  100  mlcrosecondes  aulvant  una  lntarrogatlon  paraalta,  pour  qua  catta  rdponse  aolt  total  men t 
lnhlbda. 

Pour  palllar  4 caa  ddfauts,  11  faut  done  que  caa  frulta  aynchronea  aolent  rendua  aaynchronea.  Pour  ce 
falre  on  peut  envlaager  d'affecter  4 chaqua  lntarrogataur  une  frequence  d ' lntarrogat Ion  dlffdrente 
calculde  da  talle  aorta  qua  laa  dlffdrentes  pdrlodes  d' lntarrogatlon  aolent  ddcaldes  entre  ellea 
d' environ  100  mlcroaecondea 

Cette  aolutlon  peut  4tre  valable  loraque  lea  lnterrogateura  aont  fixes  at  que  leur  noobre  eat 
relativeoent  falble. 

Loraque  laa  atatlona  lnterrogatrlcea  aont  mobiles  et  qua  leur  nombre  eat  grand,  11  deviant  difficile, 
peu  pratique  et  quelquefola  lmpoealble,  de  mettre  en  place  un  tel  programe  . Auasl  dolt-on,  dana  ce 
caa,  envlaager  d'autraa  aolutiona. 

La  technique  cooblnde  da  la  vobulatlon  de  la  frequence  d ' Interrogation  et  du  ddfrulter:  rdsoud  aaaez 
blen  ce  problhme  . 

Le  vobulateur  aert  d'allleura  de  rain4de  4 trola  maux  : 

- tranafonnatlon  dea  frulta  en  rdponaea  aaynchronea 

- diminution  du  rlaque  de  non  rdponse  totala  notaament  dQ  aux  blocagea  daa  lntarrogationa  aur  lobea 
aecondalrea  daa  autraa  lntarrogataura. 

- elimination  dea  rdponaea  fantOmea  provenant  d'avlona  lolntalna  lnterrogda  par  la  recurrence 
prdeddente. 

Laa  caractdrlstlques  prlnclpalea  du  vobulateur  aont  le  noobre  de  pallera  et  la  longueur  de  chaque  paller. 
II  aaralt  dvldaas&ent  aouhaltable  d'avolr  le  plua  grand  noobre  poaalble  de  pallera,  oala,  la  valeur  de  la 
PRF  llalte  aouvent  ce  noobre  4 quelquea  unltds  etdacefalt  lloite  dana  certalna  caa  lea  avantagea  que  l'ai 
pourralt  an  attandra  . 

D'autra  part  11  ne  faut  paa  oubller  qua  catta  vobulatlon  dolt  Ctre  aldatolre  pour  chaque  lnterrogateur 
de  manl4re  4 ae  rapprochar  la  plua  poaalble  du  caractdre  aldatolre  du  fruit. 

Pour  oettra  an  evidence  laa  lnconvdnlents  de  ce  proeddd,  noua  avone  tracd  pour  un  noobre  de  pallera  de 
6.8  . 12  et  16  , la  probability  d'attalndre  laa  erltdres  2/3  at  5/8  . Caa  erltdres  , ddflnls  par  le 
aynchronleme  da  2 ou  5 rdponaea  parol  3 ou  8 aucceaalvea,  aont  en  rdalitd  ceux  qul  aont  retenua  par  le 
d<frulteur  ; al  toutefola  laa  axlgencaa  opdrationnelles  lmpoaent  un  tal  traltaoent  . 

L'axaman  da  la  Figure  7 noua  lndlque  la  danger  d'utlllaar  un  erltdre  de  correlation  trop  falble  mtoe  avec 
une  vobulatlon  4 16  pallera  . 

Par  contra  avac  un  erltdre  da  5/8  laa  courbaa  de  la  Figure  8 montrent  une  aadlloratlon  notable  et  l'on 
peut  conatater,  par  axonple,  que  le  crltdre  na  aara  attaint  que  dans  10  7.  dea  caa  avec  8 pallera  et  !8 
rdponaea  dana  la  plot  . 


5.-  TRAITEHENT  DES  REPONSES 

Laa  parturbatlona  oentlonndea  cl  avant  vont  provoquer  dea  ddgradationa  aur  le  traltaoent  dea  rdponaea  et 
aalon  l'utillaatlon  opdratlonnalle,  traltaoent  aianuel  ou  autooatlque,  laa  prlnclpea  Juaqu'alora 
tradltlonnala  davront  dtre  modlflda  . On  peut  done  examiner  quellea  aont  laa  prlnclpalea  Incidences  qul 
rlaquant  de  andlfier  las  prlnclpea  du  traltaoent  , 

II  y a tout  d'abord  la  taux  da  rdponse  qul,  de  part  sa  falble  valeur  possible  dcarte  l'utillaatlon  de 
l'entralacement  daa  modes  . En  affat  la  taux  da  rdponaa  du  rdpondaur  sera  encore  dlmlnud  par  1 'utilisation 
du  ddfrulteur  et  da  1 'eventual  vobulateur,  at  la  nombre  da  rdponaea  susceptlblea  d'fctre  exploltdea 
rlaqua  d'etre  trop  falbla  mtae  si  l'on  utilise  1 'entrelacament  aur  deux  modes  . 

Pula,  loraque  la  denaltd  da  frulta  deviant  trop  grande,  las  circuits  da  traltaoent  peuvent  dtre  saturda 
at  done  provoquer  une  diminution  du  taux  de  ddcodaga  . 

Pour  llluatrer  caa  darnlars  points  nous  avona  mesurd  qualquaa  paramdtras  aur  laa  deux  parties  du 
traltaoent  las  plua  lmportantes  , 
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a ) l. 1 extract  ion  de  la  presence  d'un  code  et  le  degarbllng  pojvant  8tre  perturbds  par  la  presence  de 
fruits,  nous  avons  relevd  sur  des  dquipements  de  performances  differences  le  taux  de  ddcodage  en 
fonctlon  de  la  density  de  fruits  dans  laquelle  balgne  la  rdponse  ; le  taux  de  dlc'odage  est  def  ini  par 
le  rapport  du  nombre  d'accord  passlf  ( comparaison  du  code  Incident  avec  un  code  prdafflchd  ) et  du 
nombre  de  reponses  reques. 

On  remarque  sur  la  Figure  9 que  les  fruits  peuvent  affecter  assez  largement  le  taux  de  ddcodage,  selon 
le  materiel  utilise.  En  effet  avec  un  taux  de  10000  fruits  par  seconde,  le  taux  de  decodage  peut 
passer  de  55  4 82  7.  . 

Les  rdsultats  exprlm6s  sur  la  figure  9 ont  6te  relevds  en  l 'absence  de  ddfruiteur  et  le  taux  de  Jeto- 
dage  indique  est  celul  obtenu  sur  une  recurrence. 


b ) Les  rlsultats  du  tableau  de  la  figure  10  expriment  la  probability  d'obtenir  au  molns  un  accord  passlf 
en  fonctlon  du  taux  de  rdponse  . Ces  mesures  ont  ete  r6alis6es  dans  les  conditions  sulvantes  : 

- Nombre  d' interrogations  reques  par  le  rdpondeur  : 16 

- Crltfere  de  correlation  du  ddfrulteur  5/8 

- Nombre  de  fruits  perturbateurs  0 

Les  rdsultats  donn6s  par  les  Figures  9 et  10  nous  lalssent  esperer  que,  malgre  une  grande  density 
d 1 interrogateurs , on  peut,  moyennant  quelques  precautions,  obtenlr  un  taux  de  ddcodage  done  une 
Identification  assez  satlsfalsante  . 

Lors  de  la  definition  d'un  syst6me  & grande  density  d' Interrogateurs  on  devra  done  s'attacher  plus 
partlculierement  aux  caracterlstlques  sulvantes  : 

- Ouverture  du  lobe  principal  . Elle  devra  ttre  la  plus  petite  possible  tout  en  restant  compatible 
avec  la  Vitesse  de  rotation  de  l'aerien,  la  frequence  d' interrogation  et  le  nombre  de  coups  au 
but  espere  . 

- Ouverture  des  lobes  secondaires  , Elle  devra  fetre  le  plus  falble  possible  pour  evlter  une 
diminution  du  taux  de  reponses. 

- Interrogation  - a utlllser  seulement  en  cas  de  besoin  et  si  possible  par  secteur. 

- Portee  - a limiter  en  fonctlon  des  besolns  operat lonnels 

- Sensibility  du  rdeepteur  de  1 ' lnterrogaceur  - II  seralt  souhaitable  qu'elle  soft  llmitee  en 
fonctlon  de  la  portee  . 


6.-  CONCLUSION 


On  vlent  de  voir  que  1 'accrolssement  du  nombre  d' Interrogateurs  dans  une  aire  donnde  peut  provoquer  une 
diminution  du  nombre  de  reponses  recueillles  dans  des  proportions  parfols  considerables.  Dans  le  cas  des 
aystemes  IFF  d' Identification  11  smnble  que  les  caracterlstlques  de  l'ensemble  d' Interrogation  doivent 
itre  definles  a partlr  des  caracterlstlques  globales  du  systame  , e'est-a-dire  princlpalement,  le  nombre 
d'uoltes  deploydcs,  1 'ordonnancement  de  ce  dyploiement  et  le  mode  de  surveillance  adopte.  On  pourra 
alors  envlsager  d’obtenir  des  performances  satlsfalsantes  . 
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FIG.9  = TAUX  DE  DECODAGE  EN  FONCTION  DE  LA  DENSITE  DE  FRUITS- 
(defruiteur  HORS  service) 
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THE  CASCADE  REALISATION  OF  M.  T.  I.  FILTERS  WITH  STAGGERED 
P.  R.F.  AND  TIME  VARIABLE  WEIGHTS 


H.W.  Thomas  and  T.M,  Abram 
Electrical  Engineering  Department 
University  of  Manchester 
Dover  Street 
Manchester 
M13  9PL 
England 


SUMMARY 


Non-uniform  sampling  is  used  in  conjunction  with  time  varying  coefficients  in  M.  T.  I.  filters  to 
extend  the  first  blind  speed  of  the  system,  without  degradation  of  the  stopband.  A z-transform  matrix 
notation  is  introduced  which  leads  to  a concise  representation  of  cascaded  time  varying  filter  sections. 

It  is  shown  that  the  cascade  realisation  has  certain  advantages  in  terms  of  sensitivity  to  arithmetic 
wordlength  and  a step-by-step  design  procedure  for  such  filters  is  described.  The  design  of  each  section 
is  based  on  the  determination  of  coefficients  to  locate  zeros  in  the  z-plane  for  optimum  rejection  of  the 
clutter  spectrum.  This  approach  has  the  advantage  that  the  coefficients  of  the  cascade  form  are  comp- 
uted directly  without  the  need  for  factorisation  of  the  transfer  function  of  the  direct  form. 

1.  INTRODUCTION 


The  use  of  non-uniform  sampling,  or  staggered  p.r.f. , in  moving  target  indication  radars  is 
well  known,  and  serves  to  extend  the  first  "blind  speed"  of  the  system.  However,  unless  time  vatying 
coefficients  are  used  in  the  M.  T.I.  filter  the  stopband  attenuation,  and  hence  the  clutter  rejection  of 
the  system,  is  degraded  (Skolnik,  M.l  . 1970;  Thomas,  H.  W.,  1974). 

The  implementation  of  a digital  filter  as  a series  of  cascaded  sections  has  been  shown  to  have 
the  advantage  over  the  direct  form  of  reduced  sensitivity  to  coefficient  errors  (Gold,  B.  1969; 
Oppenheim,  A.  V.  , 1975),  both  for  recursive  and  non-recursive  filters  with  constant  coefficients.  How- 
ever, the  cascade  form  of  time  varying  filters  involves  additional  complications  both  in  analysis  and 
design.  Individual  sections  are  no  longer  described  by  a single  z-transform  expression,  but  have  a 
different  transfer  function  for  each  point  in  the  stagger  cycle.  Consequently  the  overall  transfer  function 
due  to  the  cascading  of  several  sections  cannot  be  obtained  by  simple  multiplication  of  polynomials  in 
z and  the  factorisation  of,  for  example,  a 6th  order  filter  into  three  2nd  order  sections  is  not  straight- 
forwa  rd. 

However,  a matrix  notation  for  cascaded  sections  has  been  developed  using  z-transform 
methods  (Thomas  H.  W.  ; 1972)  which  leads  to  a straightforward  design  procedure  based  on  the  placing 
<f  zeros  to  achieve  optim  im  clutter  rejection.  An  important  advantage  of  this  approach  is  that  a 
particular  zero  is  associated  with  each  section,  so  that  clutter  is  progressively  diminished  through  the 
filter,  and,  consequently,  the  storage  requiremerZs  may  be  reduced.  In  addition  coefficient  errors  in 
later  sections  are  less  important,  allowing  economies  to  be  made  in  coefficient  wordlength. 


2.  THE  MATRIX  NOTATION  FOR  TIME  VARYING  FILTERS. 

In  the  s-transform  analysis  of  sampled  data  systems  z 1 may  be  considered  as  a delay  oper- 
ator, corresponding  to  a delay  of  one  intersample  interval.  If  the  period  between  samples  is  T then 
z = e*T  and  so  it  is  apparent  that  such  a notation  cannot  be  used  to  describe  a filter  where  the  sampling 
rate  is  not  constant.  However,  the  sequence  of  non-uniform  sample  intervals  is  generally  designed  as 
integral  multiples  of  some  common  factor  AT,  (Skolnik.  M.  I .,  1970;  Thomas,  H.  W.,  1976)  e.g.  3JT, 
4<T,  5<T,  which  is  readily  described  by  an  alternative  z notation.  If  a new  z is  defined  asz:  e**  1 
then  any  delay  mfT  can  be  represented  in  the  z-transform  by  z *m.  Thus  a signal  r(t),  sampled 
non-uniformly  at  intervals  3fT,  4£T,  5fT  as  in  Fig.  (1)  would  lead  to  a sequence 

R(4T)  = r(0)  + r(3*T),  r (7«T),  r(12*T).  r(15<T).  r(19<T) 

which  is  represented  by  the  s transform  , 

R(z)  * r(0)  4 r(3*T)«*J4  r(7«T)z  4 r(12*T)z  4 r(15«T)z‘15  4 r(19ST)z'194 


Similarly  since  the  output  of  a digital  filter  is  formed  by  weighting  previous  input  samples, 
transfer  function  can  be  expressed  in  the  same  form.  For  example  a 2nd  order  filter  with  uniform 
sampling  might  have  a transfer  function 

-1  -2 

a 4 a.s  4 a,s 
o 1 2 


its 


TT 


whereas,  fo 

r a non-uniformly 

samp)  ed  filte r, 

the  transfer  function  is  dependent  on  the 

at  which  the 

output  is  formed. 

For  the  same 

second  order  filter  with  sample  periods  3. 

the  transfer 

function*  will 

be 

1 Iff 

- 3 

-8. 

following  sample  period  >f  l^T, 

ao 

4 a | z . 

4- 

a2Z 

-4 

-7 

following  sample  period  of  4^T, 

ao 

4 a z 

f 

a2z 

-5 

-9 

ao 

4 a j z 

♦ 

a2Z 

following  sample  period  of  5$T. 

In  a uniformly  sampl'd  filter  the  resultant  transfer  function  of  two  or  more  cascaded  sections 
is  obtained  by  multiplication  of  the  transfer  functions  of  the  individual  sections,  e.g. 

(1  - z V = (1-  2 z * 4 z 2). 

However,  for  non-uniform  sampling,  the  product  of  several^  sections'^transfer  functions  does  not  repre- 
sent the  correct  overall  transfer  function.  e.g.  in  ( 1 - z'  )(1  - z"  ) = (1  4 -2z*3  4 z-*>)  the  z '^erm 

does  not  correspond  to  two  sample  delays  in  a nonuniform  sequence  of  3ST.44T,  b&T . 


However,  using  an  analysis  based  on  that  of  Thomas  and  Lutte  (Thomas  H.  W.  , 1972)  a non- 
uniform  sample  sequence  may  be  ’decomposed*  into  a number  of  uniform  sample  sequences  which  leads 
to  a more  convenient  transfer  function  expressed  in  matrix  form.  Using  this  approach,  the  overall 
transfer  function  of  a filter  may  be  obtained  by  multiplication  of  the  matrices  of  individual  sections. 


Referring  to  Fig.  2,  the  complete  sequence  2(a)  may  be  decomposed  into  the  uniform  sequences 
R .(miT).  RJmiT),  R,  (m^T).  Similarly  the  output  seque  »ce  shown  in  2(e)  is  decomposed  into 
r 1 / w-. X 'r : _ * „ _ r j * • » 


Cj(m*T).  C (miT).  Cj  (miT). 

ated  Dy  coefficients  g , . 


a s indicated  t>y 

Cp(*) 


1 


Each  C (mjT)  consists  of  weighted  contributions  from  each  R (miT) 
p.  j.  so  that,  using  z-transform  notation 

R;(z)-  8„  ;<z)  (') 


The  weighting  functions  gp>  , are  obtained  from  the  filter  transfer  function  at  sample  instant  p by  select- 
ing those  terms  of  the  transfer  function  which  delay  each  Rj(z)  to  the  appropriate  Cp(z).  For  example, 
consider  a 3rd  order  filter  with  sample  periods  3$T,  4fT,  SfT,  i.e.  the  transfer  functions  aret- 
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By  inspection  of  Fig.  2 we  have 


C,(»i  = Rl(a){a0  + a3z*12)  + R2<z)-  (a2z"8}  + Rj(z)-  [ajz 

C2(*)  - Rl<z)  f a j z } + R2^z)  {ao  + a3Z"12}  + Rj(z)"  ^a2z"7} 

Cj(*)  = R](z)£a2z'9J  4 R2(z)  ^ajz'5^  4 R}(z)  ^ aQ  4 a3z  '*} 

This  may,  conveniently  be  written  in  matrix  form  as 
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C2 
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g2 1 g22  g23 
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g3 1 g32  g33 
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i.  e.  C = G.  R 


(2) 


An  important  consequence  of  this  notation  is  that  the  output  vector  £,  is  in  the  same  form  as  the  input 
vector  so  that  the  output  vector  of  one  section  of  a filter  may  be  considered  as  the  input  vector  to  the 
next,  as  shown  in  Fig.  3. 


It  is  readily  apparent  that 

Cj  * Cj.  G2  . G,  . R (3) 

and  hence  the  overall  transfer  function  is  Gy  G^.  Gy  It  is  significant  that  matrix  multiplication  is 
non-commutative,  indicating  that  the  order  of  sections  to  implement  a particular  filter  characteristic  is 
unique. 

Further,  each  row  of  everyG  matrix  relates  to  the  input  and  output  sequences  at  a particular  point 
in  the  stagger  cyole,  and  involves  only  the  coefficients  of  the  filter  sections  corresponding  to  that  instant. 
Thus  the  effect  of  time  varying  coefficients  is  readily  included  by  deteiming  row  p of  each  G matrix 
from  the  coefficients  implemented  in  each  section  at  sample  instant  p.  As  an  example,  the  cascaded 
transfer  function  of  two  2nd  order  sections 


3.  DESIGN  OF  FILTER  COEFFICIENTS. 


I 


The  technique  proposed  for  the  design  of  filter  weights  is  a development  of  that  of  Thomas  et  al 
(Thomas  H.  W.  , 1974)  where  the  coefficients  are  calculated  to  implement  zeros  at  certain  location  in 
the  z-plane.  A zero  placed  on  the  unit  circle  in  the  z plane  at  z = e3w^^f  corresponds  to  a null  in  the 
frequency  response  at  u>.  Furthermore,  in  the  frequency  domain  the  response  is  periodic  with  period 
cj  r VfT,  which  corresponds  to  traversing  the  unit  circle  in  the  z plane  once.  Consequently  there  is  a 
direct  correspondence  between  the  location  of  zeros  and  the  frequency  response  of  the  filter.  The  effect 
of  placing  a zero  at  any  point  is  easily  interpreted  in  terms  of  its  effect  on  the  performance  of  the  filter. 
Uniformly  sampled  filters  contain  a number  of  zeros  equal  to  the  order  of  the  filter  and  the  stopband  may 
be  defined  by  locating  these  zeros  on  the  unit  circle  around  the  point  z=  1.  In  the  case  of  non-uniform 
sampling,  however,  the  total  number  of  zeros  is  greater  than  the  filter  order  but  only  a limited  number 
are  controllable  by  choice  of  coefficients  (Thomas,  H.  W.,  1974).  As  an  example  consider  a 2nd  order 
filter  with  sample  periods  34T,  4 £T,  5^T,  which  has  transfer  function  a 10  + a i i z“ ^ + a12z”**at  sample 
instant  1.  Although  it  represents  only  a second  order  filter  this  polynomial  contains  8 zeros  only  two  of 
which  can  be  controlled  by  choice  of  ajo»  all*al2*  ^ these  two  zeros  are  placed  in  the  stopband  the 
remaining  six  zeros  will  lie  away  from  the  unit  circle  and  determine  the  passband  characteristics.  It 
has  been  observed  (Thomas,  H.  W.  1974)  that  the  effect  of  these  additional  zeros  on  the  passband  is 
determined  mainly  by  the  stagger  sequence,  and  is  largely  independent  of  the  coefficient  choice.  Thus 
the  controllable  zeros  should  be  placed  to  define  the  stopband  and  their  location  can  be  specified  to  optimise 
the  rejection  of  a given  clutter  spectrum.  For  clutter  which  falls  predominantly  within  the  stopband  the 
optimum  zero  positions  are  not  greatly  influenced  by  the  passband  response,  so  that  the  same  zero  locations 
may  be  used  for  filters  with  a range  of  uniform  or  non-uniform  sample  sequences.  Coefficients  are  thus 
readily  computed  without  the  necessity  for  lengthy  optimisation  for  each  different  stagger  cycle. 


3.1.  Design  Procedure. 

The  output  of  a time  varyi  ng  M.  T.  I.  filter  is  normally  averaged  over  all  instants  of  the 
stagger  cycle  and  is  defined  by  Thomas  and  Lutte  (Thomas  H.  W.  , 1972)  as 

|G(w)  I2  - ±,  I C'p  (e^T)  | 2 


where  |C'p  (e*^  )|represents  the  magnitude  of  the  output  of  the  filter  at  sample  instant  p in  response  to 
a sinusoidal  input  eJw  1 . It  is  shown  in  Appendix  (1). 


C*  ,<•*") 

C'^  > 


= a (ejw4T) 


k^J  l ij 

The  value  of|C'p(e''  )|^  = C'p(ejul*^').  C'p  (C*W  ) for  a filter  with  real  coefficients  and  is 

determined  by  the  position  of  the  zeros  of  C'p(z).  Cp'(z"*).  The  zeros  of  the  complete  M.  T.  I.  filter 

are  those  of|C  (z)  |^,  where 

|g'(z)  I2  = S,  C'p(z).  c-pU’1) 

If  each  C'p  (z).  C'p(z"*)  contains  a zero  on  the  unit  circle  at  z = e'*u>*^  ) then| G'  (z)|  will  also  contain 

that  zero  and  a null  occurs  in  the  frequency  response  at  u.  Furthermore,  a sufficient  condition  for  a 
zero  in  Cp'(z)  Cp'(z**)  is  that  C'p(z)  contains  that  zero.  Thus  the  computation  of  time  varying  coeffici- 
ents to  place  a zero  in  the  complete  transfer  function  of  the  filter  is  achieved  by  ensuring  that  the 
transfer  function  at  each  sample  instant  contains  that  zero. 

If  a zero  at  z = r . e^w4^  is  present  in  each  Cp'  (z) , then 


C'  (r.e^‘T, 


G(r.  ej,-*T).  I 


and  hence  the  filter  coefficients. 
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where 


a.  = 


iv  - 


and  this  defines  the  elements  of  G, 

For  example,  a 3rd  order  filter  with  sample  instants  34T,  4<'T,  5iT.  has  a G matrix. 
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This  is  equivalent  to 

the 

substitution  ofz=eJ'  T in  the  filter  transfer  functions  at  each  sample  instant. 

In  order  to  determine  all  filter  coefficients  it  is  necessary  to  specify  a number  of  zero  positions 
equal  to  the  order  of  the  filter,  together  with  arbitary  coefficients  a For  real  coefficients  zeros 

must  occur  in  conjugate  pairs, 
on  the  unit  circle  at 


:he  filter,  together  with  arbitary  coefficients  a For  real  coefficients  zeros 

ite  pairs,  or  lie  on  the  real  axis.  Thus  the  vafi’es  of  coefficients  to  place  zeros 
= e * **  , and  z = 1 are  specified  by  the  three  matrix  equations. 


0_  = G (e^  ) . _1 

0 = G (e**)  . 2 

0 = G ( l ) . I 


These  equations  are  solved  to  yield  the  required  apj.  Applied  to  the  design  of  a filter  implement- 
ed in  the  direct  form  this  procedure  is  little  different  from  the  method  of  Thomas  et  al  (Thomas,  H.  W.  , 
1974)  and  can  be  used  for  the  synthesis  of  filters  of  any  order  or  stagger  length.  However,  where  it  is 
desired  to  implenent  the  filter  in  cascade  form  an  extension  of  the  above  procedure  can  be  used  to 
determine  directly  a matrix  representing  the  transfer  function  of  each  section.  It  has  been  noted  in 
section  2 of  this  paper  that  a filter  composed  of  a number  of  cascaded  units  has  an  overall  transfer 
function 
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and  each  G.  can  be  used  to  implement  a number  of  zeros.  Having  calculated  Gj  as  described  above, 
further  section  G,  may  be  computed  by  solution  of  the  equations 
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Since  Gj  i*  known  only  m equations  are  required  to  solve  for  the  coefficients  of  an  mth  order 
section  G^.  If  general,  having  determined  the  coefficients  for  the  preceding  s sections  the  coefficients 
of  the  (s  + 1)  section  are  found  from 
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The  matrix  multiplications  and  solution  of  simultaneous  equations  can  be  performed  with  the  aid 
of  short  computer  routines  and  at  little  cost  in  computing  time,  and  a suitable  routine  for  the  design  of  a 
filter  section  is  listed  in  Appendix  (2),  Note  that  the  iterative  nature  of  the  process  eliminates  the 
factorisation  of  the  direct  transfer  function  into  its  component  sections 
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which  requires  the  solution  of  polynomials  and  may  not  be  possible  analytically. 
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A modification  of  this  procedure  is  required  for  the  placing  of  multiple  zeros.  For  example,  if 
it  is  desired  to  follow  a section  G , containing  a zero  at  z = eJ®  , by  another  section  including  a zero  at 
the  same  position  the  design  equation  is 


0 = 


G2(ej*  ). 


G,  (e 


)■  I . 0 
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■(6) 


zero  at  z = eJ1 
0 = 


However,  the  term  G (e 

• ”“1 
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)•  J_  represents  the  output  of  section  (1),  which  by  virtue  of  the 
is  identic.i  1 ly  ze ro,  resulting  in  the  identity 


G2(eJ*  ). 


_0^  for  equation  (6) 


This  difficulty  may  be  overcome  by  differentiating  Gj(z)  and  solving  the  equation 


analagous  to  the  method  of  the  reference  (Thomas,  H.  W.  , 1974) 

It  is  important  that  although  the  Gj(z)  of  any  particular  section  except  the  1st  does  not,  in 
isolation,  contain  the  required  zeros,  each  one,  in  conjunction  with  the  preceding  sections,  is  respons- 
ible for  the  implementation  of  those  zeros  for  which  it  was  designed.  In  order  to  ensure  that  these 
zeros  are,  in  fact,  realised,  the  sections  must  be  cascaded  in  the  correct  order. 


In  practice  it  is  convenient  tp  use  a single  .canceller  as  the  first  section  of  any  filter  which,  in 
this  position,  has  coefficients  of  1,-1,  independent ^of  non-uniform  sampling.  This  has  the  effect  of 
removing  clutter  at  in  = 0 and  is  not  subject  to  coefficient  errors,  leading  to  further  advantages  as 
described  in  the  next  section. 


4.  ADVANTAGES  OF  THE  CASCADE  FORM 

The  decision  of  whether  to  implement  a filter  in  direct  form  or  cascade  form  must  be  based  on 
their  relative  merits  in  terms  of  performance  and  economy.  The  cascade  form  has  potential  advantages 
both  in  terms  of  sample  storage  and  arithmetic  wordlength.  These  are  discussed  below. 

4.  1.  Sample  Storage. 

The  input  signal  to  an  M.  T.  I.  filte.r  consists  of  two  components;  the  signal  due  to  a target, 
which  is  to  be  extracted  and  that  due  to  clutter,  which  the  filter  should  attenuate  as  much  as  possible. 

As  the  signal  progresses  through  a cascade  filter  the  clutter  residue  will  be  reduced  at  each  stage,  while 
the  component  due  to  the  target  remains  almost  constant.  Thus  the  dynamic  range  of  the  total  signal 
will  be  reduced  and  consequently  fewer  bits  are  required  for  its  representation.  This  process  may  be 
illustrated  by  considering,  for  example,  a 7th  order  filter  realised  in  4 sections;  a single  canceller  foll- 
owed by  three  2nd  order  sections.  The  stagger  sequence  is  13,  15,  14,  16  and  for  a first  blind  speed  of 
1000  knots  the  clutter  considered  has  gaussian  power  spectrum  with*^  3.2  knots  and  a clutter/ ta  rget 
ratio  if  40  dB.  The  coefficients  are  normalised  for  a maximum  voltage  gain  of  unity,  and  for  an  input 
wordlength  of  14  bits  the  signal  levels  are  as  follows :- 


Section 

Zeros  of  Section 

Input 

Output 

Volts 

Bits 

Volts 

Bits 

1 

o 

© 

^ i 
ii 

H 

«• 

3 

1.0 

14 

0.  203 

12 

2 

<*>  ST  = - 0.0044 

0.  203 

12 

0. 0218 

9 

3 

w4T  = - 0.0257 

0.  0218 

9 

0.0104 

8 

4 

w<lT  = - 0.0713 

0.  0104 

8 

0. 0100 

8 

Fora  direct  filter 

as  shown  in  Fig.  (4a)  storage  of  7 x 

14  = 98  bits  is 

required. 

while  the  cascade 

form 

Fig.  (4b)  requires 

storage  of  only  71  bits.  The  extent  of  the  saving  is 

determined  by  the  expected 

clutte 

spectrum,  and  the  target  clutter  ratio. 

Alternatively  wordlength  could  be  increased,  without  increasing  cost,  giving  improved  performance 
with  reference  to  quantisation  error  effects. 

4.  2.  Coefficient  wordlength. 

Variations  in  performance  of  equivalent  digital  filter  configurations  arise,  in  general,  from 
inaccuracies  in  implementation  inherent  in  the  use  of  finite  wordlength  arithmetic  (Oppenheim  A.  V.  , 1975) 
Such  errors  are  introduced  by  the  process  of  quantisation  of  both  the  signal  and  the  filter  coefficients.  It 
is  shown  below  that  time  varying  filters  realised  in  cascade  for  n are  less  sensitive  to  the  rounding  errors 
of  coefficients  than  those  realised  in  the  direct  form. 

The  design  procedure  outlined  above  is  based  on  the  location  of  stopband  zeros,  and  one  method 
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of  assessing  filter  accuracy  is  on  the  basis  of  the  positional  accuracy  of  these  zeros  in  the  z-plane.  The 
effect  of  small  zero  movements  away  from  their  ideal  locations  is  readily  interpreted  from  a visual 
inspection  of  the  zero  diagram. 


The  plot  of  zeros  in  the  z-plane,  as  proposed  in  (Thomas  H.  W.  , 1974)  is  concerned  with  the 
complete  M.  T.  I.  transfer  function,  i.  e.  averagedover  all  sample  instants  in  the  stagger  cycle;  so  that 

| G'(z)  |2  = 2 I C'P(Z)  I 2 

However,  the  location  of  zeros  for  the  individual  C'p(z)  also  yields  information  as  to  the  filter  character  - 
istics , since  all  stopband  zeros  are  realised  in  each  C'p(z)  which  describes  the  transfer  function  of  the 
filter  at  the  sample  instant  p.  Thus  any  movement  of  these  zeros  is  reflected  in  the  filter  output. 


If  each  C'p  (z)  is  considered  in  factored  form 
m 


C'p  (z)  = ]~7  (z  - z.) 


i=  1 

then  the  filter  output  in  response  to  a sinusoidal  input  may  be  represented  as  the  product  of  the  vector 
distances  from  z = e*^^  to  each  of  the  zeros,  as  shown  in  Fig.  5.  Consequently,  any  movement  of 
zeros  away  from  the  unit  circle  will  degrade  the  clutter  rejection  at  that  point.  Further,  if  optimum 
zero  positions  exist,  then  any  movement  along  the  unit  circle  will  also  lead  to  a sub-optimal  perform- 
ance. Accordingly  the  movement  of  zero  placements  provides  a good  indication  of  changes  in  clutter 
rejection  due  to  coefficient  errors. 


The  displacement  of  poles  and  zeros  in  the  z-plane  in  response  to  coefficient  errors  has  been 
the  subject  of  considerable  study  since  the  advent  of  digital  computation  (Kaiser,  J.  F.  , 1965,  Mitra,  S.  K.  , 
1974;  Maley  , C.  E.  , 1962;  Herman  O,  1970)  and  methods  of  predicting  pole  and  zero  displacement  have  been 
developed.  Mitra  and  Sherwood  (Mitra  S.  K,  1974)  show  that  for  small  coefficient  errors,  Pj,  in  a 
polynomia  1 

m 

B(*)  = ,S0  b.z. 

the  resulting  displacement  A z^  in  the  position  of  a zero  z^  is  given  by 
m 

A*k  = -/^k  (f&  Pi(*k)‘ 

where  ^ 


(z_ 


_*k) 


B(z) 


A polynomial  C'p(z)  of  the  form  1 + 


(7) 
■ (8) 


and  hence 


A1,. 


( X 


b:z"'  factorises  to  T“T  (1  - z.z  l) 
i=l  1 

'A  - 


^ <zk  > >• 


1 - z.  z 
k 


B(z) 


111 

Now,  since  C'p  (z)  = £7  (1 


Z.z  \ 
i 


A 


TL 

i/k. 


This  may  be  interpreted  as  the  reciprocal  of  the  product  of  the  moduli  of  the  distances  between  z^  and 
other  filter  zeros.  Thus,  if  C'p(z)  contains  other  zeros  close  to  z,  then  0.  becomes  laree.  The 


11 

if  C'p(z)  contains  other  zeros  close  to  z then p^  becomes  la  rge.  The  C'p(z) 
of  non-uniformly  sampled  M.  T.  I.  filters  are  characterised  by  a cluster  of  closely  spaced  zeros  on  the 
unit  circle  around  z = 1,  forming  the  stopband,  and  a number  of  more  widely  spaced  zeros  away  from  the 
unit  circle,  distributed,  typically,  in  the  manner  shown  in  Fig.  (5).  Consequently  an  M.  T.  I.  filter  with 
more  than  one  stop  band  zero  can  be  expected  to  have  a large"sensitivity  factor"^  . The  zero  movements 
Azg  are  determined  from  equation  (7)  by^^  and  ^ Pi(zk)"*)>  • For  rounding  errors  (Pj)  of  the  same 

i=l 

magnitude,  this  latter  term  may  vary  considerably  between  direct  and  cascade  realisations. 


r 


A filter  with  the  same  ideal  zero  locations  can  be  realised  in  cascade  form,  with  each  pair  of 
zero,  implemented  in  a 2nd  order  section  following  one  or  more  previous  sections.  The  preceding  part 
of  the  filter  is  represented  by  a matrix  Gj,  and  the  transfer  function  of  this  initial  section  at  sample 
instant  p is 


C'p  (z) 


’"P-1  + a ^'"P'2  + a z'Vm-2 

p2  m-2 


po  pi 

where  r^  ( represents  the  appropriate  index  for  a delay  of  i samples  previous  to  instant  p 


Let  the  section  for  which  zero  displacements  are  to  be  calculated  have  coefficients  bpj,  with 


errors  f > 


P‘ 


This  transfer  function  at  instant  p is  given  by:- 


C'p(z) 


+ b ,z  Pl'  + 

Pi 


p.  ♦ V‘  " * <v  * V- 

v’,p,2)  + (ppo  ♦ v*'"1*  v'rp,2) 


and  the  complete  transfer  function  matrix  for  this  section  may  be  written  as 


— 2(complete) 


—2  + *2 


where  ^ i#  a matrix  derived  from  the  error  terms  p .z  , only  and  represents  the  exact  transfer 
function  matrix. 


The  overall  transfer  function  of  all  sections  is  found  as 

C'  = (G2  + 12  ) Gj.J. 

g2g1  i ♦ x2Gj  . _L 


G2- G,._I_  leads  to  an  overall  ideal  transfer  function  identical  to  the  direct  form,  so  that  is  the  same 
in  both  cases. 

^_2Gj.  J_is  due  to  the  error  terms  and  its  row  p is  given  by 


0 „ J a „ + a ,z 
P°  | pf>  pi 


p(m-2) 


p.  (m-2) 


'{Vd.o  + 

, 2r 

|a(p-2),0  + “(p-2),  I' 


a z (P-1)-1  + 

(P-D.l 


(p-1),  (m-2) 


(p-l),(m-2) 


>-2).  1 


•a(p-2),(m-2)Z 


-2).(m-2)| 


This  must  be  compared  with  the  summation  of  error  terms  2,  0 .z  ' for  the  direct  form. 

1=  1 p,  i 

The  expressions  in  parenthesis  are  the  transfer  functions  of  the  preceding  section,  and  each  one 
contains  the  stopband  zeros  implemented  so  far.  Thus  for  a z^  close  to  one  of  the  preceding  zeros  these 
terms  evaluated  at  z=  z will  in  general,  be  small  and  the  effect  of  the  rounding  errors  0 . will  be 

diminished.  p’  ' 


^As  an  example  consider  a single  canceller  followed  by  a second  order  section  with  zeros  at 
wtT  = - 0.01.  For  the  direct  form,  with  6 bit  rounding, 

^ 0.z’1  = 0.00192  - jO.  000486 

The  corresponding  summation  for  the  cascade  form  is  given  by  evaluating  (10):- 


e0  (i-  *-3) 


= 0Q  (0.0004  t j 0.02996) 


+ 0j*"3  (l-*‘5)  = +0,*'3  (0.0012  + j 0.04998) 

+ 02i‘8(1  - s'4)  = + 02*'8  (0.0008  + j 0.03999) 

= - 0.  0000318  + j 0.  000218 

so  that  the  magnitude  of  the  overall  effect  of  the  errors  is  decreased.  The  result  is  that  the  predicted 
displacement  for  6 bit  rounding  in  this  case  is  approximately  9 times  greater  for  the  direct  filter  than 
the  cascade  relisation.  The  ratio  of  sensitivities  of  direct  and  cascade  forms  are  necessarily  dependent 
on  the  appro|  .iate  0.  ,+  which,  for  a large  number  of  filters,  are  usually  assumed  to  be  uniformly 
distributed  between  - and  statistically  independent  wi  th  respect  to  each  other  (Knowles,  J.  B. 

1968).  On  this  basis  the  expected  modulus  of  the^O  0.z_i  for  the  direct  form  is 

f£?0  1 


(m  ♦ 1)  E 2 "I* 

° 

12 


whereas  for  the  cascade  form  this  becomes 


V 

r* 

a + 

Pi 

ax,  v + . . 

rp(m-2) 

2 ■ 

-]  • 

2 

q=p 

9° 

qi  k 

q (m-2)  k 

which  is  diminished  by  virtue  of  the  zeros  contained  in 


♦ a ,s 

P.  1 


,ap,  (m-2)* 


p,  (m-2) 


It  is  apparent  from  this  approach  that,  in  general,  the  sensitivity  of  zero  positions  to  coeffic- 
ient errors  is  increased  by  the  proximity  of  other  zeros  but  that  this  increase  is  reduced  considerably 
if  the  zeros  are  realised  in  separate  sections.  There  is  also  some  interaction  between  the  position  of 
subsequent  zeros  and  the  errors  in  a previous  section,  but  a full  treatment  of  the  subject  is  not  within 
the  scope  of  this  paper. 

5.  PRACTICAL  IMPLICATIONS. 

Despite  the  restriction  of  the  above  analysis  to  small  errorithe  investigation  of  practical 
examples  of  filters  indicates  that  the  conclusions  drawn  from  the  case  of  small  errors  can  be  extended 
to  filters  with  larger  coefficient  errors.  Indeed  the  advantages  obtained  through  the  cascade  realisation 
become  more  noticeable  for  filters  with  larger  rounding  errors. 

Table  (1)  shows  the  clutter  attenuation  due  to  3rd,  4th,  5th  and  7th  order  filters  with  rounded 
coefficients.  These  figures  were  obtained  by  adding  500  sets  of  "simulated"  rounding  errors,  with 
appropriate  probability  density  functions  to  the  ideal  coefficients  and  averaging  the  results.  The  clutter 
attenuation  figure  is  a direct  measure  of  the  "improvement  factor"  (Skoln  ik  M.I  .,  1970)  since  the 
coefficient  errors  have  little  effect  on  the  passband.  Table  (1)  shows  that  in  every  case  the  cascade  form 
results  in  better  clutter  attenuation  than  does  the  direct  form. 

Other  significant  points  arise  from  these  results.  Notice  that  as  the  wordlength  is  decreased 
the  higher  order  direct  filters  deteriorate  rapidly.  The  sensitivity  of  the  4th  order  cascade  filter, 
composed  of  two  2nd  order  sections,  emphasises  the  desirability  of  a single  canceller  as  the  first 
stage  of  any  filter,  as  in  the  3rd^  5th  and  7th  order  cases.  A single  canceller  with  its  zero  at  z =1 
has  a transfer  function  (1  - z"  P>  *)  which  is  independent  of  the  stagger  sequence  chosen.  This  may 

be  realised  exactly  without  coefficient  multiplications,  and  consequently  the  zero  is  placed  without 
error.  Furthermore,  by  virtue  of  the  cascade  nature  of  the  filter  the  following  zeros  are  rendered  less 
sensitive  to  any  errors  in  he  coefficients  of  later  sections. 

Table  (2)  shows  thxt  by  taking  full  advantage  of  the  "step-by-step"  nature  of  the  design  process 
the  advantages  of  the  cascade  form  can  be  enhanced  further.  Here  later  sections  of  the  filter  are 
designed  to  follow  the  rounded  coefficients  of  preceding  sections  rather  than  their  ideal  values,  and  great- 
er accuracy  of  zero  positioning  is  obtained.  However,  care  is  necessary  in  certain  cases.  For  example 
an  attempt  to  duplicate  the  position  of  a zero  using  rounded  coefficients  for  the  previous  sections  will 
lead  to  equations  based  solely  on  the  rounding  errors  and  will  only  result  in  a single  zero  at  the  required 
location  being  realised  by  the  combination  of  both  sections.  Consequently  multiple  zeros  must  be  placed 
by  the  solution  of  the  derivative  of  the  simultaneous  equations  as  described  in  Section  (3.  1). 

The  major  disadvantage  of  the  cascade  form  is  its  requirement  for  greater  hardware  complexity. 
For  example,  a 6th  order  direct  filter  requires  7 coefficient  multipliers,  but  if  realised  in  three  2nd  order 
sections  a total  of  nine  is  necessary.  Also,  since  multiplier  outputs  are  subject  to  rounding  or  truncation 
additional  noise  sources  are  introduced  by  the  cascade  form.  However,  the  hardware  cost  is  reduced  if 
the  section  weights  are  normalised  such  that  the  modulus  of  the  largest  coefficient  in  each  section  is  unity. 
Since  unity  coefficients  do  not  require  multipliers,  as  such,  the  multiplier  count  is  then  identical  for  both 
forms.  Alternatively  some  of  the  benefits  of  the  sectional  approach  are  achieved  by  the  insertion  of  a 
single  canceller  before  the  remainder  of  the  filter,  which  may  then  be  realised  in  a single  larger  section. 
This  reduces  the  sensitivity  of  zero  displacement  at  the  cost  of  little  additional  hardware. 

With  reference  to  the  problem  of  multiplier  roundoff  noise.  Table  (3)  shows  revised  figures 
for  Table  (1),  including  the  effect  of  these  noise  sources.  Equal  signal  and  coefficient  wordlength  have 
been  used,  and  it  is  seen  that  although  higher  order  filters  suffer  more  severely  the  cascade  form  is 
still  superior.  Once  again,  however,  the  use  of  a high  order  filter  does  not  necessarily  result  in 
improved  performance,  and  if  maximum  economy  is  to  be  achieved  care  should  be  exercised  in  the  choice 
of  optimum  filter  order  and  arithmetic  wordlength. 

6.  CONCLUSIONS. 

It  has  been  shown  that  the  cascade  form  has  certain  advantages  over  the  direct  implementation 
of  M.  T.  I.  filters  in  terms  of  accuracy  of  response.  Since  errors  in  frequency  response  are  closely 
related  to  arithmetic  precision  it  follows  that  an  improvement  in  performance  could  be  offset  by  a reduction 
in  wordlength  and  hence  in  hardware  cost.  The  reduction  of  cost  is  always  an  important  design  factor  but 
equally  significant  is  that  hardware  simplicity  may  permit  increased  speed  and  extend  the  areas  of  appli- 
cation. 


The  advantages  of  the  cascade  form  must  be  balanced  against  the  requirement  for  an  increased 
number  of  arithmetic  units,  albeit  with  fewer  bits  each,  but  even  this  may  not  be  necessary  for  certain 
forms  of  coefficient  scaling.  If  care  is  excercised  in  the  choice  of  units  to  be  cascaded  then  additional  hard 
ware  can  be  minimised. 

Current  design  methods  for  time  varying  filters  (Jacomini,  O.  J.  1972  ;Prinsen,  P.J.A.  1973)  have 
been  restricted  to  the  direct  form  and  the  conversion  of  such  a design  to  separate  sections  is  not  straight- 
forward. Consequently,  an  alternative  design  procedure  based  on  the  placement  of  zeros  in  the  z-plane 
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has  been  developed.  This  approach  has  the  advantage  that  each  pair  of  zeros  may  be  implemented  by  a 
single  section  in  a step  by  step  manner.  The  calculation  of  the  coefficients  of  each  section  requires 
only  the  solution  of  a set  of  simultaneous  equations,  and  is  readily  performed  by  a digital  computer. 

Using  analysis  suitable  for  the  case  of  small  rounding  errors  and  zero  displacements,  it  has  been  shown 
that  the  cascade  form  of  M.  T.  I.  filters  is,  in  general,  superior  to  the  direct  form.  Finally,  a number 
of  examples  have  been  used  to  illustrate  that  the  same  conclusions  apply  to  filters  with  larger  rounding 
errors. 
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8.  APPENDIX  1. 

Consider  the  steady  state  response  of  a filter  represented  by  the  matrix  G to  a sinusoidal 
input  1 . 

C = G.  . J* 

The  filter  has  intersample  periods  Tj  JT,  j T ~T  fT  and  j = T' 

as  illustrated  in  Fig.  6 for  a 4 period  sequence. 
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^juST.T, 


^juT'fiT 

~ juT'ST 
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Define  R'  as  the  above  matrix. 

The  output  sequences  C*(mT'fT  + ^ ^ S T)  are  obtained  by  use  of  the  inverse  z>transform 

P 


i=l. 


the  C(z)  matrix 

C*  = 


Znj 


"T5  juT'iT 


mT'  -1 


f T,  Ti  1] 

[a  ....J  1 G . R' 


dr 


The  steady  state  response  is  found  by  evaluating  the  inversion  integral  of  the  forcing  function 
only,  which  leads  to 

C"  (inT'iT)  = e^T'*T  [.  ^ 5 T jo-ST^^i  . . . . ]q  (e^J.R^) 


E'  («  MT) 


so  that  each  Cp"  (mT'S T)  consists  of  a sinusoidal  envelope  eJ  , with  a phase  term  due  to  the 

row  vector  [e*1'  1 T ] The  magnitude  of  the  envelope  is  determined  by  G (ej«*T).  2.  leading  to 

the  statement  of  section  3.  1 that 


_C'  (ejuJ*T) 


G (eju,r)  . _I 


itJT 

where  C’  (e  ) describes  the  magnitude  of  the  sinusoidal  output  evelope  for  each  sample  instant  of 
the  stagger  cycle. 

9.  APPENDIX  2. 

SUBROUTINE  DESIGN  ( G,«R0ER,  TAU,N,  R,W  ) 

C 

c this  routine  ebrhs  and  solves  the  eouations  necessary  tb  place  a 

C JCRO  BR  PAIR  dE  C0*PLEX  CdNjlJGATE  ZEROS  IN  A ETRST  dR  SECdNO  ORDER 

C FILTER  setTIdN,  THt  ROUTINE  IS  ENTERED  WITH  THE  INPUT  VECTdR  (R) 

t evaluated  at  h ( in  radians)  - the  frequency  at  which  the  zeros  are 

t TP  BE  PLACED,  the  TINE  VARYING  CBEEEICIENT  SET  (G)  is  NdRNAL I SEU 

C Sd  THAT  G(P,P)  IS  SET  EQUAL  T0  1,0 

REAL  G(10,10),AP(3) 

integer  TAuno>,R0w,cdi  uhn,prder 

COWPLEX  R(lo), J,FQU(J),LMS(2),RHS 

Data  j / (n,o,i.O)  / 

C SdLVE  THF  EQUATION  SET  EPR  EACH  STAGGER  TINE  I.E,  EACH  RPW  PE  A, 

0d  1 RPw  s i , N 
C E0RH  THE  EQUATIPN  SET 

TsO.O 

00  2 Column  s 1 , J 

1 NOE  X S NMDlJLdf  N,  RPW-CdLUMN  ) ♦ 1 
CQUfCBLUNN)  s R(InDEX)  * CE*P(  J*w*T  ) 

2 T • T ♦ ELHATf  T *U ( INDEX ) ) 

c Npw  rearrange  the  eqiiatIbns  Into  standard  form  for  solution 

RhS  S •EQII(I) 

LH8(1)  a EQU(2) 

LhS(2)  a EQU(3) 

CALL  SOLVE ( LHS, RHS, ORDER  ) 

AP( 1 ) a i.n 

AP(2)  a REAL  ( RHS  ) 

AP ( 3 ) a A I HAG ( RHS  ) 

t CdPV  THE  SOLUTION  VECTdR  INTB  THE  CBRRECT  ELEHfnTS  HE  G. 

00  3 COLUMN  a 1 , 3 

INDEX  a HBDULdf  N,  RB. -COLUMN  ) ♦ 1 

3 GfRBw, I VDt  X ) a A p (COLUMN ) 

I CONTINUE 

re  Turn 
EnO 

INTEGER  FUNCTION  MODULO  (N,I)  returns  the  number  I modulo  N (i.  e.  in  range  0 N-l). 

SUBROUTINE  SOLVE  (LHS,  RHS,  ORDER)  solves  complex  1st  or  2nd  order  equations  in  the  form  LHSe  X=RHS 
The  value  of  X(l)  Is  returned  in  the  real  part  of  RHS.  X(2)  in  the  imaginary  part. 





A complete  program  for  the  design  of  a general  filter  is  available  from  the  authors 
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TABLE  I 


No.  of  bits. 

Dir. 

3rd 

Cas. 

Dir. 

4th 

Cas. 

5th 

Dir.  Cas. 

Dir. 

7 th 

Cas. 

10 

37.40 

37.  50 

44.46 

4 5.  04 

49.92 

55.88 

49.  30 

68.96 

8 

36.  15 

37.48 

39.  30 

43.  19 

39.  53 

55.21 

37.  35 

64.02 

7 

33.73 

37.41 

34.  66 

40.  09 

33.41 

53.83 

31.41 

59.  15 

6 

29.67 

37.  12 

28.66 

35.75 

27.  57 

50.  63 

25.  38 

53.40 

5 

24.  37 

36.21 

22.93 

30.  24 

21.  57 

45.88 

19.46 

47.60 

4 

18.45 

33.92 

16.92 

24.06 

15.  50 

40.  37 

13.  67 

41.  36 

3 

12.87 

29.82 

11.  10 

18.  31 

10.  18 

34.24 

8.  34 

35.73 

2 

7.  57 

24.47 

6.  12 

12.07 

5.25 

28.  30 

3.90 

29.28 

TABLE  2 


No.  of  bits 

4th 

5th 

7 th 

10 

45.  10 

55.90 

69.21 

8 

43.64 

55.43 

7 

40.71 

54.  55 

6 

35.47 

51.62 

54.85 

5 

29.  62 

46.  54 

50.  31 

4 

25.65 

41.61 

45.  11 

3 

22.95 

35.  08 

40.84 

2 

16.68 

31.42 

33.21 

TABLE  3 


No.  of  bits 

Dir. 

3rd 

Cas. 

Dir. 

4th 

Cas. 

HBHI 

l 

10 

37.  37 

37.48 

44.23 

44.87 

48,75 

54.09 

47.76 

57.84 

8 

35.73 

37.07 

38.06 

41.58 

38.61 

50.81 

35.72 

46.  06 

7 

32.71 

35.  99 

32.91 

37.  18 

31.68 

40.  53 

27.65 

34.09 

6 

28.03 

33.24 

26.91 

31.81 

25.  82 

34.61 

23.79 

34.04 

5 

22.41 

28.66 

21.06 

25.96 

19.  80 

28.61 

17.87 

28.02 

4 

16.  50 

23.  10 

15.09 

19.  82 

13.75 

22.  58 

12.02 

21.97 

3 

10.  80 

17.24 

9.  17 

13.89 

8.31 

16.  56 

6.  60 

15.  96 

2 

5.25 

11.  34 

4.11 

7.89 

3.40 

10.  60 

2.  18 

9.89 

Ib-lh 


D F HAMMERS: 

T M ABRAM: 

A J KAMPSTRA: 


T M ABRAM: 


K KRUCKER: 


T M ABRAM: 


DISCUSSION 


Have  you  compared  this  all-zero  filter  approach  with  a discrete  Fourier  transform, 
le  8 cascaded  sections  with  an  8-polnt  time-weighted  DFT? 

No  such  comparison  has  been  made. 

Could  you  tell  me  whether  the  MTI  canceller  you  have  Just  described  will  become  part 
of  an  operational  system  and,  if  so,  what  are  the  main  parameters  of  the  radar 
relevant  to  the  performance  of  the  MTI  (wavelength,  beamwldth,  number  of  hits,  range 
of  the  MTI  Interval,  etc)? 

The  results  Included  in  this  paper  are  derived  from  computer  simulation  and 
calculation  of  the  frequency  response  rather  than  from  a hardware  unit.  Clutter 
spectrum,  first  blind  speed  end  stagger  sequence  have  been  selected  to  be  represent- 
ative of  a real  system  and  these  values  are  given  In  the  text  of  the  paper.  However, 
a real-time  experimental  processor  has  been  constructed,  capable  of  Implementing 
time-varying  coefficients,  and  limited  tests  have  been  carried  out  at  RSRE  on  a 
staggered-prf  radar.  It  Is  hoped  that  future  work  will  Include  further  use  of  this 
canceller  as  an  on-line  processor  to  radar  signals,  with  a prf  of  up  to  4 KHz  and 
1000  range  gates, 

1)  Is  it  correct  to  say  that  you  are  mainly  Interested  in  optimising  the  filter 
weights  with  regard  to  a variable-stagger  system? 

2)  What  happena  to  the  clutter  attenuation  performance  when  the  clutter  spectrum  is 
non-atatlonary? 

1)  Filter  coefficients  are  calculated  for  any  given  stagger  sequence  from  a set  of 
stop-band  zero  positions  which  are  optimum  for  a particular  clutter  spectrum. 

However,  as  the  optimum  zero  positions  are  largely  Independent  of  the  stagger 
sequence,  they  may  be  used  to  compute  filter  weights  for  a range  of  different 
staggering  schemes.  This  computation  Is  performed  by  the  solution  of  a set  of 
linear  simultaneous  equations  and  may  thus  be  performed  with  very  little  computer 
time.  This  could  possibly  permit  the  calculation  of  coefficients  In  real  time  to 
achieve  the  selection  of  optimum  coefficients  for  use  with  a random  prf. 

2)  The  optimum  coefficients  can  only  apply  to  a fixed  clutter  spectrum.  With  non- 
statlonary  clutter  the  coefficients  will  therefore  be  non-optimum.  An  adaptive 
filter  may  be  convelvable  If  there  were  time  to  calculate  new  weights. 
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ABSTRACT 

The  13.9  GHz  radar  scatterometer  on  Skylab  produced  statistics  of  radar  returns  from  thousands  of  points 
in  North  America  and  Brazil,  as  well  as  from  the  oceans.  The  resolution  cell  of  the  system  varied  from 
about  II  km  in  diameter  at  vertical  incidence  to  20  by  30  km  at  50°  incidence.  Although  these  cells  are 
larger  than  the  preprocessing  cells  to  be  expected  from  spacecraft  synthetic-aperture  radars,  they  are  at 
least  as  comparable  with  such  cells  as  are  the  observation  cells  when  aircraft  radars  are  used.  The  stat- 
istics presented  are  therefore  of  considerable  interest  to  designers  of  spaceborne  radar  systems,  for  they 
set  preprocessing  sensitivities  and  dynamic  ranges  required. 

Results  are  presented  both  In  terms  of  composite  statistics  for  North  America,  Brazil,  and  the  oceans, 
and  in  terms  of  statistics  for  particular  classes  of  terrain.  Both  vertical  and  horizontal  polarization 
data  are  presented  for  the  land,  and  cross-polarized  measurements  are  presented  as  well  for  the  sea.  Cor- 
relations are  indicated  for  the  returns  at  different  angles  and  polarizations. 

1.  INTRODUCTION 

The  Skylab  spacecraft  was  launched  in  May  of  1973-  Among  the  instruments  carried  on  the  spacecraft  was 
a radiometer/scatterometer  operating  at  13-9  GHz.  This  flexible  instrument  was  used  to  obtain  measurements 
of  both  emission  and  backscatter  from  both  land  and  sea,  with  most  of  the  land  experiments  conducted  over 
North  America  and  the  ocean  experiments  in  the  North  Atlantic  and  North  Pacific  Oceans.  Some  experiments 
were  conducted  in  other  areas  and  a few  results  from  Brazil  are  included  in  this  paper. 

The  observations  over  the  ocean  were  intended  to  demonstrate  the  capability  of  the  scatterometer  as  a 
wind-measuring  Instrument;  and,  indeed,  they  did  demonstrate  that  the  scatterometer  on  a spacecraft  provides 
a good  anemometer.  The  measurements  over  the  land  were  intended  both  to  gather  design  data  for  future  space- 
craft radars  and  to  establish  whether  a coarse-resolut ion  sensor  could  be  used  to  determine  different  things 
about  the  characteristics  of  the  land.  Reasonable  correlation  was  obtained  with  soil  moisture  in  certain 
controlled  experiments  reported  elsewhere  [Eagleman  et  al.,  1975]  but  these  will  not  be  discussed  here.  The 
general  conclusion,  however,  is  that  in  a complex  environment  such  as  most  of  those  observed  in  North  America 
the  coarse  resolution  sensor  cannot  be  used  adequately  to  establish  the  category  of  land  use,  although  certain 
gross  statements  can  be  made  about  the  difference  between  heavily  vegetated  and  barren  areas. 

Comparisons  were  made  with  theory  of  various  types,  but  the  general  conclusion  is  that  the  average 
response  can  best  be  described  in  terms  of  either  an  exponential  variation  with  angle  of  incidence  or  a pair 
of  such  exponentials. 

2.  THE  SKYLAB  EXPERIMENT 

The  radiometer/scatterometer  on  Skylab  operated  at  a frequency  of  13-9  GHz.  The  instrument  used  an 
Interrupted-continuous-wave  transmitter  and  a receiver  that  was  applied  to  both  radiometer  and  scatterometer 
experiments.  For  the  radiometer,  the  receiver  had  a bandwidth  of  200  MHz;  and  for  the  scatterometer,  the 
bandwidth  was  restricted  to  75  kHz  or  thereabouts,  depending  on  the  Doppler  bandwidth  expected  at  different 
angles  of  Incidence.  The  antenna  was  a one-meter  parabolic  dish  with  a multiply-polarized  feed.  The  foot- 
print on  the  ground  for  this  antenna  was  a circle  II  kilometers  in  diameter  directly  beneath  the  space- 
craft and  It  became  an  ellipse  about  16  by  25  kilometers  at  the  maximum  angle  of  incidence  of  around  50°. 

The  antenna  was  scanned  mechanically  in  one  of  four  different  modes  illustrated  in  Figures  I,  2,  3 and 
4.  Figure  I shows  the  In-track  non-contiguous  (ITNC)  mode.  This  was  designed  to  obtain  a set  of  measure- 
ments at  intervals  of  approximately  100  kilometers  and  was  used  primarily  over  the  ocean.  For  each  point 
on  the  surface,  it  was  possible  to  determine  the  scattering  coefficient  in  each  of  four  polarizations: 
vertical  transmit,  vertical  receive  (VV);  horizontal  transmit,  horizontal  receive  (HH);  vertical  transmit, 
horizontal  receive  (VH);  and  horizontal  transmit,  vertical  receive  (HV).  In  addition,  measurements  were 
made  of  both  the  vertically  and  horizontally  polarized  radiometer  signals.  These  measurements  were  made 
at  nominal  pointing  angles  from  the  spacecraft  of  0,  15,  30,  40,  and  48  degrees  from  the  vertical.  Because 
of  the  wide  spacing  of  the  footprints,  this  mode  was  seldom  used  over  the  land. 

Figure  2 Illustrates  the  cross-track  non-contiguous  (CTNC)  mode.  The  same  measurements  were  made  as 
in  the  ITNC  mode,  but  the  antenna  was  scanned  to  the  side  of  the  spacecraft  to  the  same  angles  used  in  ITNC. 

In  the  ITNC  mode,  each  point  on  the  ground  was  observed  at  each  of  the  angles,  but  In  the  CTNC  mode,  only 
a single  angle  could  be  observed  for  each  point  on  the  ground. 


* This  work  was  supported  by  NASA  Johnson  Space  Center  under  Contract  NAS  9-13331. 
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Figure  3 Illustrates  the  cross-track  contiguous  (CTC)  mode.  In  this  mode,  the  antenna  was  scanned 
approximately  11°  either  side  of  a central  point  obtaining  about  12  cells  of  measurement  for  each  scan.  The 
central  point  could  be  either  straight  down  or  pointed  ahead  or  to  the  side  at  angles  of  15  and  30  degrees. 
The  30°-ahead  pointing  angle  was  used  extensively  over  North  America  and  Brazil. 

The  fourth  mode  was  the  in-track  contiguous  (ITC)  mode  and  was  designed  to  obtain  a measurement  about 
every  25  kilometers  at  each  of  the  angles  described  for  the  ITNC  mode.  Because  the  measurements  were  closer 
together,  there  was  less  time  to  integrate  the  signals  and  to  observe  different  polarizations.  Consequently, 
both  the  CTC  and  ITC  modes  were  restricted  to  one  or  two  polarizations  so  that  multiple  polarization  com- 
parisons were  not  possible  with  them.  The  ITC  mode  was  Intended  to  obtain  scattering  coefficient  as  a 
function  of  angle  over  land  where  the  25'kllometer  footprint  spacing  was  more  appropriate. 

Coverage  during  the  summer  occupancies  (SL  2 and  3)  over  North  America  was  obtained  in  the  areas  shown 
in  Figures  5 and  6.  Coverage  in  Brazil  during  these  missions  was  repeated  over  many  ground  tracks,  but  only 
three  were  used  in  our  analysis  and  they  are  not  shown  here.  Oceanic  coverage  was  wide-spread,  but  no  maps 
for  this  type  of  coverage  are  shown. 

During  the  winter  mission  (SL  k),  the  coverage  over  North  America  was  much  less  extensive;  but  over  the 
oceans  It  was  more  extensive  than  during  the  summer.  In  September  of  1973  a failure  of  the  antenna  scan 
mechanism  occurred.  This  was  repaired  by  the  astronauts  early  in  the  SL  k mission,  but  the  repair  did  not 
permit  scanning  in  the  along-track  direction.  Consequently,  both  ITC  and  ITNC  modes  were  prohibited  during 
the  winter  and  the  CTC  mode  could  only  be  used  with  the  central  angle  straight  down  or  to  the  side.  Because 
of  this,  most  of  the  measurements  over  North  America  during  the  winter  were  performed  in  the  CTC  modes  cen- 
tered about  the  nadir  which  meant  that  the  angles  of  Incidence  were  small. 

3.  OCEAN  OBSERVATIONS 

3.1  Composite  Measurements 

The  radar  returns  from  the  ocean  are  extremely  variable  and  indeed,  studying  this  variation  was  the 
prime  purpose  of  the  oceanic  experiments.  Nevertheless,  for  design  purposes  composite  information  on  the 
oceanic  measurements  is  of  value.  Figure  7 shows  the  average  response  from  the  ocean  during  the  summer 
mission  for  vertical  polarization  and  for  the  cross-polarized  measurements  Involving  horizontal  transmission 
and  vertical  reception.  The  angular-variation  curves  are  quite  steep.  The  scattering  coefficient  near 
vertical  is  close  to  the  saturation  level  of  the  instrument.  Both  the  mean  and  the  upper  and  lower  decile 
values  are  indicated  on  the  graph;  however,  at  vertical  incidence  the  upper  decile  shown  is  the  saturation 
level  of  the  instrument  so  that  the  upper  decile  probably  is  actually  somewhat  higher  and  indeed,  the  mean 
is  also  probably  higher.  Note  that  the  average  scattering  coefficient  for  vertical  polarization  amounts 
to  a value  in  the  vicinity  of  -20  dB  at  k6°  for  vertical  polarization.  For  the  cross-polarized  response, 

the  curve  is  not  so  steep  and  starts  at  a value  below  0 dB.  At  vertical  incidence,  the  mean  is  some  15  dB 

below  that  for  the  vertical  polarization,  but  at  k6°  it  is  only  10  dB  below  vertical  polarization. 

Figure  8 shows  the  same  type  of  curve  for  horizontal  polarization.  The  difference  in  the  vertical 
incidence  value  from  that  for  vertical  polarization  is  an  experimental  fluctuation;  at  vertical  the  two 
polarizations  should  be  about  the  same.  However,  the  horizontally  polarized  curve  is  steeper  than  that  for 
vertical  polarization;  the  k6°  value  Is  about  k dB  below  that  for  vertical  polarization.  The  relatively 
wide  spread  of  the  upper  and  lower  decile  values  is  associated  with  the  significant  differences  in  the 

scattering  coefficient  as  a function  of  wind  speed,  which  of  course  was  quite  variable.  Curves  of  this 

nature  are  not  presented  here  for  the  winter  mission  except  In  Section  5 dealing  with  models.  However,  it 
should  be  noted  that  the  ocean  backscatter  curves  were  not  as  steep  during  the  winter  as  during  the  summer. 
This  is  primarily  because  the  seas  are  calmer  during  the  summer  than  during  the  winter  so  that  scattering 
from  large  angles  of  Incidence  Is  less  In  the  summer  than  in  the  winter. 

3.2  Wind  Response 

Measurements  of  the  wind  response  of  the  scattering  coefficient  utilized  information  about  the  surface 
winds  based  on  "objective  analysis".  This  objective  analysis  technique  was  applied  by  oceanographers  at  the 
City  University  of  New  York,  Institute  of  Marine  Sciences.  It  uses  reports  from  ships  scattered  throughout 
the  ocean.  Some  of  these  ships  send  their  reports  by  radio  to  meteorological  centers  and  others  send  in  the 
wind  Information  by  mail  for  climatological  purposes.  Both  kinds  of  observations  were  used  in  determining 
the  wind  fields.  Nevertheless,  In  many  cases  the  ships  were  located  in  the  wrong  places  to  obtain  measure- 
ments suitable  for  comparison  with  the  scattering  coefficients  so  considerable  extrapolation  goes  in  to  the 
analysis.  Furthermore,  ship  reports  are  of  variable  quality.  Some  ships  read  anemometers  at  known  heights 
every  six  hours.  Others,  however,  report  winds  simply  by  the  mariner's  visual  observation  of  the  sea 
conditions.  Thus,  the  "surface  truth"  is  far  from  "true".  A study  was  made  of  the  value  of  the  surface 
wind  Information  by  comparing  the  objective  analysis  values  at  the  weather  ships  operated  for  aeronautical 
purposes  In  the  North  Atlantic.  The  objective  analysis  was  used  to  calculate  the  wind  at  the  weather  ship 
without  use  of  the  observation  from  the  weather  ship.  The  difference  between  the  wind  so  calculated  and 
that  reported  by  the  weather  ship,  which  presumably  has  a high  quality  observation,  was  then  analyzed. 

Figure  9 shows  one  sample  of  the  kind  of  observations  found  In  this  experiment  for  the  speed  of  the  wind. 
Clearly,  the  variance  of  the  data  Is  large  indeed.  Similar  plots  could  be  shown  for  the  direction  of  the 
wind.  The  mean  deviation  in  direction  between  the  weather  ship  report  and  the  objective  analysis  at  the 
weather  ship  location  was  found  to  be  38“! 

With  this  background,  one  can  observe  the  relationship  between  the  velocity  and  the  scattering  coef- 
ficient and  not  be  too  surprised  at  a considerable  spread  in  the  observations.  Figures  10,  II,  12  and  13 
are  examples  of  the  wind  observed  as  function  of  the  scattering  coefficient.  Of  course,  the  scattering 
coefficient  was  observed  with  each  polarization  at  five  different  angles,  but  Figures  10,  II  and  12  Illus- 
trate what  was  found  at  the  approximately  50*  angle  of  Incidence  during  the  summer  mission.  Figure  10 
shows  the  vertically  polarized  result.  Figure  II  the  horizontally  polarized  result,  and  Figure  12  the  cross- 
polarized  result  for  this  angle  of  Incidence.  Similar  plots  were  prepared  for  the  winter  mission.  Figure 
13  is  presented  to  show  the  kind  of  non-response  observed  near  vertical.  Clearly,  the  scattering  coefficient 
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is  not  very  sensitive  to  the  wind  speed  at  vertical.  It  is  even  less  sensitive  at  15°  angle  of  incidence 
(not  shown) . 

Regression  lines  were  determined  for  the  wind  versus  scattering  coefficient  data  and  from  these  regres- 
sion lines,  values  of  the  scattering  coefficient  were  used  to  estimate  the  surface  winds.  Thus,  plots 
could  be  made  of  the  radar  estimate  of  the  surface  wind  in  comparison  with  the  " objective  analysis"  estimate. 
An  example  of  such  a plot  is  shown  in  Figure  IA.  This  clearly  indicates  the  value  of  the  radar  scattering 
measurement  for  anemometry  but  the  spread  of  the  data  points  also  shows  the  difficulty  of  making  such  meas- 
urements using  the  uncertain  values  of  the  wind  obtained  from  ship  reports.  Most  of  the  scatter  in  the 
data  can  be  explained  by  the  variations  in  the  ship  reports  as  indicated  in  the  study  exemplified  by  Figure 

9. 


The  exponents  relating  the  scattering  coefficient  to  the  wind  speed  can  be  characterized  as  in  Figure 
15.  It  is  interesting  to  note  that  these  exponents  are  even  higher  than  those  reported  previously  by 
Claassen  et  al  [1972].  These  exponents  are  much  higher  than  those  reported  by  Daley  [1973).  Nevertheless, 
the  results  are  somewhat  consistent  with  those  reported  from  aircraft  measurements  by  Claassen  et  al,  and 
are  quite  consistent  with  more  recent  observations  using  an  aircraft  rad iometer/scat terometer  developed 
for  NASA  Langley  Research  Center  [Jones,  L.  J. , et  al,  1975). 

A.  LAND  OBSERVATIONS 

A.  I Composite  Observations 

A major  purpose  of  the  land  experiment  was  to  determine  design  data  for  use  in  future  spacecraft  radar 
systems.  The  data  are  also  valuable  in  a design  of  aircraft  radar  systems,  but  less  so  than  for  spacecraft 
radar.  The  problem  is  that  the  very  large  footprint  of  the  Skylab  instrument  averages  over  a region  much 
larger  than  would  be  feasible  with  an  aircraft  instrument.  Consequently,  the  variability  of  the  Skylab 
observations  is  much  less  than  would  be  observed  where  the  instrument  looks  at  a smaller  area  on  the  ground. 
The  observations,  however,  are  useful  for  example,  in  considering  the  design  of  a spacecraft  synthetic- 
aperture  radar  even  though  the  illuminated  area  for  the  synthetic-aperture  radar  would  be  smaller.  Synthetic- 
aperture  radar  would  have  a relatively  long  antenna  and  consequently  a narrower  beamwidth  and  in  the  other 
direction  its  illumination  would  be  over  a much  smaller  distance  because  of  the  finer  range  resolution. 
Nevertheless,  this  area  is  large  enough  for  the  synthetic  aperture  so  that  the  averaging  should  be  somewhat 
similar  to  that  observed  on  the  Skylab  information  and  the  data  reported  here  should  be  valuable  for  design 
of  spacecraft  synthetic-aperture  radars. 

Figure  16  shows  the  composite  observations  made  over  North  America  during  the  summer  mission  for  verti- 
cal polarization.  A similar  figure  could  be  presented  for  horizontal  polarization,  but  is  not  presented 
here.  This  figure  should  be  compared  with  Figures  7 and  8 for  the  oceans.  Over  the  land,  the  scattering 
coefficient  near  vertical  is  in  the  neighborhood  of  0 dB  but  it  only  falls  off  to  about  -II  dB  for  the  maxi- 
mum angle.  In  the  case  of  the  oceans,  the  scattering  coefficient  for  vertical  polarization  at  the  maxi- 
mum angle  was  around  - 20  dB  and  for  horizontal  polarization  about  A dB  lower.  Over  land,  the  vertical  and 
horizontal  pol ar i zat ions  are  almost  the  same.  The  variability,  as  indicated  by  the  spread  between  the 
upper  and  lower  decile  values,  is  quite  small  except  in  the  immediate  vicinity  of  the  vertical.  Thus,  one 
can  expect  that  these  average  values  are  quite  representative  of  the  expected  returns  for  a spacecraft  radar 
system  in  which  the  illuminated  area  is  large.  Obviously,  the  variability  would  be  greater  if  the  illum- 
inated area  were  smaller  so  that  variations  between  different  kinds  of  terrain  would  become  more  important. 
However,  mean  values  should  be  about  the  same,  even  with  a much  smaller  illuminated  area. 

No  attempt  has  been  made  here  to  present  similar  curves  for  the  winter  mission  because  most  of  the 
observations  were  made  quite  close  to  vertical.  The  indications,  however,  are  that  the  scattering  coef- 
ficient curves  are  somewhat  steeper  in  the  winter  than  in  the  summer.  No  doubt  this  is  true  because  of 
the  lack  of  vegetation  in  the  winter,  since  the  scattering  from  vegetation  is  high  at  all  angles  of  incid- 
ence. 


An  attempt  was  made  to  segregate  the  different  returns  from  land  having  different  categories  of  use, 
as  forest,  agriculture,  grazing  (range),  etc.  Figure  17  illustrates  this.  The  relatively  small  distinction 
between  all  the  land  categories  is  quite  apparent.  Nearly  all  of  them  have  about  the  same  kind  of  scatter- 
ing coefficient  as  a function  of  angle.  When  smaller  areas  are  delineated  by  a radar  carried  on  an  air- 
craft or  on  the  ground,  the  differences  between  different  kinds  of  vegetation  and  soil  preparation  (for 
agriculture)  are  very  apparent.  With  this  large  footprint,  however,  these  differences  are  all  averaged 
out  * 

A. 2 Histograms  of  Return  From  the  Land 

To  illustrate  the  variability  observed  in  more  detail  than  possible  by  showing  just  the  upper  and  lower 
deciles,  a study  was  made  in  which  histograms  were  plotted  of  the  return  at  different  angles  of  incidence 
for  different  polar izat ions  over  North  America  and  South  America.  In  fact,  similar  histograms  were  prepared 
for  different  land  use  categories,  but  they  are  not  shown  here.  Figure  18  shows  the  variability  in  the 
I to  2*  range  over  North  America  using  the  nominal  vertical  polarization  (in  this  range  of  angle,  vertical 
and  horizontal  polarization  are  essentially  the  same).  Here  the  spread  of  the  values  is  considerable  and, 

In  fact,  some  very  strong  returns  are  shown.  Probably  these  came  from  quite  flat  areas  such  as  lakes,  and 
playas.  Figure  19  shows  similar  results  for  the  range  of  32  to  36°.  Not  only  is  the  difference  in  average 
levels  apparent,  but  the  variation  is  much  less  than  in  the  1 to  2°  range  of  angles.  Figure  20  shows  the 
same  kind  of  thing  over  South  America.  The  South  American  area  covered  was  in  the  Brazilian  Amazon  region, 
although  part  of  it  was  forest  and  part  was  grassland.  Nevertheless,  the  spread  of  the  values  is  much  less 
in  Brazil  than  it  is  In  North  America.  This  is  not  surprising,  however,  because  the  terrain  in  Brazil  is 
much  more  homogeneous  than  the  North  American  terrain. 
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4 . 3 Attempts  at  Classification  By  Land  Use  or  Vegetation 

Numerous  attempts  were  made  at  classification  by  land  use  or  vegetation  using  a number  of  pattern 
recognition  algorithms.  In  Brazil,  the  method  was  reasonably  successful,  as  indicated  in  Figure  21.  Here, 
the  land  use  categories  were  homogeneous  over  large  areas  so  that  little  averaging  of  observations  from 
different  kinds  of  land  cover  took  place.  Hence,  the  categorization  was  reasonably  good.  Figure  22  shows 
the  best  of  the  classification  results  over  North  America.  The  large  errors  present  are  clear  although 
classification  shows  some  promise.  Here,  as  in  the  case  of  the  ocean,  the  "surface  truth"  may  be  as  much 
at  fault  as  variations  in  the  radar  data  themselves.  No  attempt  was  made  to  actually  visit  the  areas 
involved.  Rather,  the  land  use  categorizations  were  obtained  from  existing  maps  and  occasionally  from 
Landsat  photography.  Since  the  maps  may  be  inaccurate  either  because  of  inadequate  data  or  because  they 
are  old,  much  variation  is  expected.  However,  if  the  data  from  the  maps  were  all  useful,  one  would  expect 
a better  classification  accuracy  than  indicated  in  Figure  22. 

Another  method  for  observing  the  ground  can  be  based  on  the  use  of  CTC  mode  to  produce  a "quasi"  image. 
Figure  23  is  an  example  of  such  an  image  obtained  over  an  area  In  Brazil.  Here,  major  variations  are 
clearly  delineated  and  the  correspondence  between  the  variations  and  the  image  and  those  on  the  map  is  as 
good  as  can  be  expected,  considering  the  fact  that  the  map  Itself  is  probably  considerably  in  error.  Such 
pseudo  images  over  the  United  States  were  not  very  successful  for  determining  differences  that  could  be 
discerned  on  the  map.  However,  in  some  cases  where  Information  was  available  about  the  soil  moisture,  a 
clear  correlation  could  be  observed  between  soil  moisture  and  the  variations  on  the  image  [Ulaby,  F.  T.  , 

L.  F.  Dellwig,  T.  Schmugge,  1975].  Other  measurements  and  analyses  involving  soil  moisture  also  have 
indicated  that  a reasonable  correlation  exists  between  the  radar  backscatter  and  the  soil  moisture  [Eagle- 
man,  1 974] . 

5.  COMPARISON  WITH  THEORETICAL  HODELS 
5.1  Background 

The  theory  of  radar  backscatter  has  been  the  subject  of  hundreds  of  papers.  However,  most  of  these 
papers  depend  upon  assumptions  about  the  roughness  of  the  surface  that  are  probably  unrealistic  except  over 
the  ocean  and  they  might  even  be  unrealistic  over  the  ocean  In  some  cases.  Some  of  the  models  are  based 
upon  geometric  optics.  For  these  models,  a Gaussian  angular  variation  of  the  scattering  coefficient,  at 
least  near  vertical,  results.  Most  modern  theories  assume  that  well  away  from  the  vertical  neither  the 
geometric  optics  nor  the  straight-forward  physical  optics  model  is  applicable,  but  rather,  a model  based 
upon  the  small  pertubation  theory  must  be  used.  This  method  works  well  over  the  ocean,  but  probably  is 
not  valid  over  the  land.  Since  insufficient  data  are  available  on  the  surface  roughness  of  land  to  apply 
to  the  small  pertubation  model,  a comparison  was  not  possible. 

However,  observations  of  the  moon  and  the  planets  generally  assume  a physical  optics  model  in  which 
the  correlation  coefficient  may  be  approximated  by  an  exponential.  The  resulting  expression  for  the 
scattering  coefficient  is 


o°  a (cos**  0 + K sin^  6) 

Comparisons  were  made  between  the  various  models  and  the  mean  values  observed  for  the  ocean  and  the 
land.  The  worst  fit  of  the  models  for  both  oceanic  and  land  cases  was  with  rhe  geometric  optics  formula- 
tion. The  physical  optics  formulation  using  the  exponential  correlation  function  gave  a somewhat  better 
fit,  but  the  best  results  in  every  case  were  obtained  using  a straight  exponential  angular  variation  of 
the  scattering  coefficient.  None  of  the  theories  predicts  that  this  should  be  the  case,  but  the  correla- 
tion with  the  observations  averaged  over  these  large  areas  is  quite  evident. 

5.2  Comparison  of  Theory  and  Experiment 

Figure  24  Is  a comparison  of  the  summer  observations  over  the  ocean  with  the  exponential  model.  Clearly, 
the  regression  fit  of  the  exponential  is  quite  good  over  the  entire  angular  range,  at  least  with  the  points 
as  far  apart  as  they  are  for  this  measurement.  It  Is  interesting  to  note  that  the  e-folding  angle  for  all 
polarizations  is  in  the  neighborhood  of  6°,  although  it  is  somewhat  smaller  for  horizontal  polarization 
because  of  the  steeper  curve  and  somewhat  larger  for  cross  polarization.  Figure  25  shows  similar  results 
over  the  land  for  the  summer  mission.  Here,  no  single  model  can  fit  all  of  the  data.  Best  correlation  for 
the  angles  of  15°  and  above  Is  obtained  with  a straight  exponential  with  an  e-folding  angle  of  34.6°.  The 
Gaussian  result  based  upon  geometric  optics  Is  not  nearly  so  good  a fit,  although,  for  the  small  number  of 
data  points  observed,  the  correlation  is  high  for  it  also.  The  formula  based  upon  the  exponential  correla- 
tion function  gives  results  that  are  considerably  better  than  the  Gaussian,  but  not  as  good  as  the  exponen- 
tial. The  Lambert's  law  model  gives  cos*  0 as  the  variation,  and  the  correlation  with  this  model  is  much 
poorer.  Near  vertical,  a different  exponential  must  be  used.  Similar  comparisons  not  shown  on  the  graph 
for  the  near-vert  leal  region  show  that  the  exponential  is  a better  fit  In  the  small  angle  region  than  any 
of  the  theoretically  justified  models  just  as  it  is  in  the  larger  angles.  The  similarity  of  the  near 
vertical  e-folding  value  for  land  with  the  one  that  fits  throughout  the  angular  range  for  the  ocean  is 
Interesting. 

The  situation  during  the  winter  mission  (SL  4)  Is  somewhat  different,  but  here  too,  the  exponential 
gives  the  best  fit.  Figure  26  shows  the  results  over  land  for  vertical  polarization.  The  need  for  the  two 
different  angles  Is  clearly  demonstrated;  however,  a word  of  caution  should  be  Inserted  since  the  data  for 
the  larger  angles  Included  only  desert,  whereas  numerous  categories  were  Included  within  the  smaller  angular 
range.  Also  of  interest  here  Is  the  smaller  e-foldlng  value  for  angles  near  vertical  during  the  winter 
than  that  observed  during  the  summer.  This  steeper  decay  In  the  winter  Is  almost  certainly  caused  by  the 
relative  abs  nee  of  vegetation  for  the  winter  measurements.  Similar  plots  were  made  for  the  other  polariza- 
tions, but  are  not  presented  here. 

Figure  27  lllustretes  the  winter  measurements  for  vertical  polarization  over  the  ocean.  In  this  case, 
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unlike  the  summer  measurements,  a single  exponential  does  not  seem  to  fit  the  data  very  well.  However,  the 
variation  for  angles  well  away  from  the  vertical  is  much  less  steep  In  the  winter  than  In  the  summer  and  it 
is  somewhat  less  steep  near  the  vertical.  This  can  no  doubt  be  explained  by  the  fact  that  many  of  the  ob- 
servations made  in  the  winter  were  made  In  the  stormy  seas  of  the  North  Atlantic,  whereas  during  the  summer 
the  wind  only  exceeded  15  meter  per  second  In  a few  special  cases  of  tropical  storms  or  hurricanes.  Thus, 
the  summer  observations  are  heavily  weighted  toward  relatively  calm  seas  and  the  winter  observations  toward 
relatively  rough  seas.  Apparently,  for  calm  seas,  a single  exponential  from  0°  to  45°  is  adequate,  but  for 
rough  seas  this  is  not  the  case  as  shown  in  Figure  27. 

A comparison  was  made  of  the  results  from  various  attempts  to  fit  the  data  with  exponential  for  the 
summer  and  winter  missions.  This  result  Is  shown  In  Table  I.  Certain  values  were  not  calculated  in  the 
summer  because  of  a lack  of  data  and  the  larger  angles  (15  - 39°)  during  the  winter  were  primarily  based 
on  scattering  coefficients  observed  from  desert.  The  smaller  e-folding  angles  for  the  winter  over  land 
are  apparent  as  discussed  above.  Over  the  ocean,  the  reverse  applies.  One  should  look  at  the  values  for 
30  to  50°,  for  instance,  for  vertical  and  horizontal  polarization  where  the  e-folding  angles  are  less  over 
the  ocean  than  over  the  land  In  the  summer,  whereas  during  the  winter  the  oceanic  e-folding  values  are 
larger  indicating,  as  mentioned  above,  the  effect  of  the  stormier  seas.  In  the  case  of  cross  polar i zat ion , 
the  absolue  values  for  the  winter  measurement  are  grossly  in  error.  The  cause  of  the  error  is  known  and 
Is  associated  with  a part  of  the  antenna  failure  problem.  The  error  size,  however,  is  not  known.  Thus, 
although  the  e-folding  values  may  be  appropriate  for  the  cross-polarized  case  in  winter,  the  absolute  mag- 
nitudes are  in  error.  No  cross  polarization  results  are  presented  for  the  land  because  the  cross  polariza- 
tion measurements  were  possible  only  using  the  non-cont i guous  modes  and  these  were  primarily  operated  over 
the  oceans. 

6.  CONCLUSIONS 

Observations  from  Skylab  provide  useful  design  information  both  for  radars  operating  In  space  and  for 
aircraft  radars.  In  the  case  of  spacecraft  radars,  the  large  area  averaged  by  the  Skylab  measurement  should 
not  be  a problem.  For  aircraft  radars,  however,  the  variations  to  be  expected  about  the  mean  values  reported 
for  the  Skylab  measurements  will  be  much  greater  than  those  observed  In  Skylab  operation. 

The  scat  ter ing-coeff icient-versus-angle  relations  appeared  to  be  best  described  In  terms  of  exponen- 
tials. Except  for  the  summer  oceanic  data,  two  different  exponential  expressions  are  required;  one  for  the 
angle  close  to  the  nadir,  and  the  other  for  the  angles  further  out.  The  strong  correlation  between  these 
expressions  and  the  observed  radar  returns  indicates  that  these  exponential  expressions  may  be  used  in 
design  without  fear  of  significant  error,  although  there  might  be  some  question  about  their  value  for 
detailed  analysis  of  different  kinds  of  terrain. 

The  Skylab  data  Indicated  without  question  the  value  of  the  radar  scatterometer  as  an  anemometer.  The 
scattering  coefficient  Is  proportional  to  wind  speed  raised  to  an  exponent  In  the  neighborhood  of  2 for  VV 
and  HH  and  near  3 for  HV  and  VH.  The  exponent  varies  as  function  of  angle  of  Incidence  and  polarizatiop. 

This  exponent  applies  for  angles  of  30°  from  nadir  and  beyond,  but  there  Is  little  wind  sensitivity  close 
to  vertical.  These  results  are  reported  In  more  detail  In  a series  of  reports  issued  by  The  University  of 
Kansas  Center  for  Research,  Inc.,  Remote  Sensing  Laboratory,  and  we  hope  to  present  several  papers  detailing 
the  different  classes  of  observation  in  the  near  future. 
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Table  I . 


Regression  Analysis  of  SL  A Composite  S-193  Data  Compared  with  $L  2/3  Data. 


Area 

Polariza- 

tion 

Angular  Range 
of  Fit 

SL4  Function 
of  Theta 

SL^/3  Function 
of  Theta 

Land 

VV 

1°  - 13° 

1.51  .-674.67° 

1.67  e ^Z5*60' 

Land 

HH 

1°  - 13° 

2.38  e "6/6.49° 

Not  calculated 

Land 

VV  + 
HH 

o 

CO 

1 

o 

1 .84  e “6/5.28° 

Not  calculated 

Land 

VV 

15°  -39° 

0.33  . -6/'9.04° 

0.36  . -»/2’-6° 

Land 

HH 

15°  -39° 

0.83  . -7W-»4° 

Not  calculated 

Ocean 

W 

0°  - 50° 

5.59  . "6/8.42° 

15.6  ."6/6.13° 

Ocean 

HH 

0°  - 50° 

4.75  . -78.04° 

21.9  e “6/5.35° 

Ocean 

VV 

0°  - 50° 

7.41  . -6 /7.37° 

15.6.-6/6.13° 

Ocean 

W 

o 

0 
in 

1 

o 

o 

CO 

0.39  e -6/18.1° 

15.6  e "6/6.13° 

Ocean 

HH 

0°  - 15° 

4.75  . -6/8-04° 

21.9  e "6/5.35° 

Ocean 

HH 

30°  - 50° 

0.29  . “6/17.8° 

21.9.  -6/5.35° 

Ocean 

VH 

0°  - 15° 

n.o*.-«/7-57° 

0.32  . "6/5.35° 

Ocean 

VH 

30°  - 50° 

0.25  * . -6/09.8° 

0.32  e -6/5.35° 

* Absolute  values  of  VH  a°  for  SL4  are  uncorrected  and  therefore  too  large. 


FOOTPRINTS  FOR  ITNC  MODE 

(footprints  drown  to  seal*, 
spacing  is  not) 

Figure  1.  Geometry  of  S-193  Redscet  In-Track  Non-Cont Iguous  Mode 
(From  Sobtl,  1973). 
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Figure  3.  Footprint  Pattern  for  S-193  Radscat  Cross-rack  Contiguous 
Node. 


IN-TRACK  CONTIGUOUS  MODE 

Figure  k.  In-Track  Contiguous  Node. 


CROSS-TRACK  CONTIGUOUS 


Figure  5.  Cross-Track  Contiguous  Data  Takes  Over  U.S.A.  During 

$L  2 and  SL  3 Missions  considered  In  Designing  Data  Catalogue. 


Figure  6.  In-Track  Contiguous  Data  Segments  Over  U.S.A.  During 


Polarization:  HV  Polarization;  VV 
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Figure  7-  Summary  of  angular  scatterometric  response  over  ocean  surfaces 
for  VV  and  HV  polarizations  from  S-193  scatterometer  operations 
during  SL  2 - SL  3. 


Number  of  Samples  for  Each  Data  Point 


WEATHER-SHIP  WIND  SPEED,  m/sec 


Figure  9.  Scattergram  of  withhold  weather  ship  wind  speed  (adjusted  for 
alr/sea  temperature  and  anemometer  height)  versus  ground-truth 
wind  spaad  for  categories  2,  3,  and 


SCATTERING  COEFFICIENTS.  dB 


Scattergram  of  ground  truth  wind  speed  versus  o'wy  at 
incident  angle  using  logarithmic  scales.  The  scatter 
coefficients  are  adjusted  to  upwind.  SL  2 and  3 data 


SCATTERING  COEFFICiF  * :*«,  dB 


Scattergram  of  ground  truth  wfrr.4  1 fvd  versus  o*  at  50 
Incident  angle  using  logarithm  -al't  The  scattering 
coefficients  are  adjusted  to  upwind.  SL  2 and  3 data. 
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Figure  14.  Scattergram  of  ground  truth  wind  speed,  W , versus  wind  speed 
estimated  from  at  50"  Incident  angle®using  linear  scales. 

Wind  speed  estimates  from  o"  were  determined  from  nonlinear 
regression  estimates  of  a and  a in  the  model  W * a o°  al  + e 
where  o°  is  numeric  (not  ?n  dB)  and  is  adjusted  ?o  upwind. 

SL  2 and  3 data. 


X theoretical  values 
A 5L4  nonlinear  regression  estimates 
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Figure  t5.  Theoretical  values  and  nonl ineeraregresslon  estimates  of  the 
exponent,  a,  in  the  model  o*  « U , when  U is  wind  speed  and 
o*  Is  measured  In  the  upwind  direction. 
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Figure  16.  Summary  of  angular  scatterometer  response  for  VV  polarization 
from  S-193  scatterometer  operations  during  SL  2 - SL  3. 
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Figure  17.  Comparison  of  angular  ckscatter  response  from  various 
categories.  Ranges,  where  shown,  are  between  upper  and 
lower  deciles,  not  standard  deviation. 
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Figure  18. 


Histogram  of  the  scatterometer  backscatter  coefficient,  between 
1.0°  and  2.0°,  V Polarization,  North  America. 
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Figure  19. 


Hlttogren  of  the  icetteroneter  becktcetter  coefficient,  between 
32*  end  36*,  V Folerliet Ion,  North  Americe. 
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Figure  20.  Histogram  of  the  Scatterometer  Backscatter  Coefficient,  between 
32.0*  and  34.0°,  V Polarization,  South  America. 
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Figure  21.  Classifications  summary  for  CTC  Pitch  29*  (VV  and  HH)  data  over 
South  America. 
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Figure  22.  Classification  summary  using  ITC  (VV)  backscatter  data  at 
42*,  33*,  17*  from  North  American  targets. 
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Figure  2k.  Comparison  of  Mean  Oceanic  Response  with  Exponentials 
13-9  GHz  Skylab  Data. 
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Figure  26 


Composite  Scattering  Coefficient  of  Ocean  From  SL  A 
Scatterometer  - Vertical  Polarization. 
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Figure  27.  Composite  Scattering  Coefficient  of  land  From  SL 
Scatterometer  - VV  Polarization. 
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DISCUSSION 


What  Is  the  reason  for  the  difference  In  results  at  0*  Incidence  for  V/V  and  H/H 
polarisations? 

Minor  differences  In  calibration  plus  the  fact  that  measurements  occurred  10  Km 
or  more  apart. 

In  view  of  the  known  6 dB  up -wind /down-wind  difference  In  oqI  have  you  considered 

reducing  the  scatter  In  your  observations  by  only  plotting  the  average  of  pairs  of 
measurements  taken  at  the  same  Incidence  angle  but  looking  In  opposite  directions 
In  azimuth  - this  means  working  In  the  along-track  mode  of  course?  Also,  although 
you  found  very  little  variation  of  oq  at  vertical  Incidence  with  wind  speed,  did 

you  find  much  variation  with  sea  swell? 

1)  The  measurements  shown  were  converted  to  upwind  equivalent  from  original  values 
using  theory  that  best  fits  aircraft  experimental  data  of  Jones,  et  al  (NASA 
Langley  Research  Center).  However  the  mean  error  of  38°  In  wind  direction  casts 
doubt  on  the  validity  of  these  "corrections";  the  fit  with  uncorrected  data  is  almost 
as  good  for  this  reason. 

2)  We  had  no  swell  Information  with  which  to  compare. 

Was  any  data  obtained  over  snow,  in  particular  coniferous  forest? 

Yes,  but  not  very  much  and  not  very  conclusive  due  to  Infrequent  observation.  An 
attempt  was  made  to  deduce  the  thickness  of  snow  cover  but  this  was  inconclusive. 

Some  increase  In  oq  was  noted  with  Increase  in  snow  cover  but  It  was  suspected  to 

be  partially  due  to  the  effect  of  the  underlying  terrain.  Data  were  obtained  over 
forest,  but  not  with  snow  on  the  ground.  Because  of  the  large  footprint,  "forest" 
areas  contained  open  spaces  except  In  the  Amazon  basin.  Details  are  contained  In 
our  NASA  reports. 
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CHARACTERISTICS  OF  CLUTTER  AND  TARGETS  AT  X-  AND  Ku-BAND 
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SUMMARY 


CLUTTER  CHARACTERISTICS 

The  radar  backscatter  of  the  sea  per  unit  area,  a , and  the  rms  clutter  velocity  spread  are  descri- 
bed versus  grazing  angle  and  wind  velocity  by  an  exper imeStal  model.  A thorough  comparison  is  made  with 
measurements  and  calculations  which  are  considered  in  literature  as  significant.  The  obtained  results 
justify  the  assumption  that  the  model  can  be  used  in  the  so-called  near  grazing  and  in  the  plateau  region. 
The  two  scatter  mechanism  of  Bragg  resonant  capillary  waves  and  small  facets  overlaying  the  shorter  gravity 
waves  is  discussed.  Characteristic  ratios  of  oq  are  presented  versus  windvelocity. 

TARGET  CHARACTERISTICS 

A multipath  Radar  Cross  Section  (RCS)  approximation  is  given  In  a closed  form  and  numerically,  for 
a variety  of  target  models  and  clusters.  Optimum  signal  to  clutter  ratios  are  discussed  for  the  detection 
of  buoys  by  shipping-traffic.  Characteristics  of  arbitrarily  chosen  target  clusters  are  simulated  and  typi- 
cal discrepancies  between  clutter  and  target  scintillations  are  demonstrated. 

The  influence  of  precession,  nutation  and  rotation  on  the  radar  backscatter,  due  to  Irregularities 
of  a body  of  revolution,  is  shown.  Results  of  dynamic,  in  flight,  measurements  and  simulations  based  on 
static  measurements  are  included.  Clutter  and  target  model  application  may  contribute  in  finding  an  optimum 
combination  of  relevant  and  environmental  parameters. 


I CLUTTER  CHARACTERISTICS 

t.  INTRODUCTION 

Since  world  war  H many  investigators  have  studied  characteristics  of  sea  reflections.  In  1957 
Katzin  introduced  the  multipath  interference  effect  of  scattering  by  facets,  superimposed  on  the  large 
scale  wave  pattern.  Definitions  of  slightly  rough  surfaces  and  very  rough  surfaces  opened  the  way  for 
rigorous  mathematical  treatment  of  scattering  based  on  the  fundamental  work  of  Rice,  S.O.  (1951).  In  his 
new  model  for  sea-clutter  Wright  used  a surface  roughness  whose  length  is  Bragg  resonant  and  whose  height 
is  determined  frn,  the  range  spectrum  proposed  by  Phillips.  The  effect  of  tilting  the  scattering  surface 
by  the  wave  structure  is  included;  the  influence  of  screening  and  spray  not. 

It  became  apparent  that  the  backscatter  of  the  sea  is  predominantly  determined  by  a mixture  of  wind 
generated  capillary  waves  which  are  Bragg  resonant  according  to  the  relation  Acos<p  - nA/2  and  small  facets 
overlaying  the  shorter  gravity  waves.  (A  » water  wavelength,  A - radar  wavelength  and  <J  Is  grazing  incidence 
angle).  The  Interactions  of  these  waves  with  the  swell  are  giving  not  only  an  extra  displacement  in  the 
vertical  and  horizontal  plane,  but  also  a tilting  of  facets.  The  influence  of  screening  and  spray  effects 
become  important  at  small  grazing  angles  and  high  wi ndveloc I t ies . They  may  have  a significant  impact  on 
the  backscatter  characteristics  at  different  radar  frequency  bands.  Facets,  influenced  In  size  by  the  wind, 
are  modulated  in  aspect  by  the  shorter  gravity  waves.  Application  of  shorter  pulse  lengths  can  resolve  the 
periods  of  these  waves,  thus  causing  a slow  modulation  of  the  horizontally  polarized  backscatter.  The  pro- 
bability distribution  of  the  backseat tered  signal  depends  on  the  clutter  cell  size.  A large  cell  results 
In  a Rayleigh  distribution,  a small  cell  In  a log-normal  distribution.  Range  and  pulse  length  .therefore , 
are  of  significance.  Long  has  developed  similar  ideas  on  a two-scatter  theory  of  sea  echo. 

The  purpose  of  this  paper  is  not  to  develop  a new  theory,  but  to  propose  an  experimental  model  based 
on  the  results  of  k series  of  experiments,  performed  at  X-  and  Ku-band.  In  most  cases  a rather  good  fit 
is  shown  with  results  In  the  near  grazing  and  plateau  region  reported  by  other  investigators.  The  model  can 
be  simply  applied  for  the  determination  of  signal/clutter  ratios  and  various  other  significant  ratios  of 
Oq  and  clutter  spectrum  bandwidth. 


2.  THE  EMPIRICAL  SEA  CLUTTER  MODEL 

Based  on  k Independent  series  of  measurements  an  experimental  model  of  sea-clutter  has  been  deve- 
loped for  the  North  Atlantic  environment.  The  model  describes  the  average  radar  backscatter  per  unit 
area,  o , and  the  rms  clutter  velocity  spread  versus  grazing  angle  and  wind  velocity.  Parameters,  Incorpora- 
ted In  the  model,  relate  to  the  dependency  of  radar  wavelength,  pulse  length,  polarization  and  observation 
angle  with  respect  to  wind  direction. 

An  essential  requirement  to  develop  such  a model  Is  to  allocate  the  prevailing  wind  directions 
and  velocities  to  the  actual  measured  clutter  area,  Incorporating  coastal  effects.  This  labelling  of  the 
data  and  the  measurements  have  been  described  by  Slttrop,  H,  197k  [7]. 
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2.1  The  average  Radar  Cross  Section  per  unit  area,  Oq. 

The  following  expression  can  be  derived  for  the  average  RCS  per  unit  area,  oo>  (Sittrop  H,  1 971*  [7]). 

W 

o « a + 6 log  ^-  + [Slog  + y]  log  rp  dB  (1) 

° o 

Reference  values  are:$  * ref.  grazing  angle  in  degrees, 

W°  • ref.  windveloci ty  in  knots 
a°  » o at  (o  , W ) . 

The  parameters  8 and  6 are  Correct°on  ?actors,  7 is  the  Oq  slope  versus  wi ndveloc i ty , W , as  valid  for  . 
This  slope  appears  to  be  an  interesting  variable  depending  on  radar  frequency,  wind  direction  with  respect 
to  observation  angle  and  polarization.  The  model  has  been  developed  at  X-  and  Ku-band,  for  pulse  length 
T - 0,5  Usee.  Parameter  values  to  apply  the  model  are  given  in  tabel  1.  An  attempt  is  made  for  extrapola- 
tion to  shorter  pulse  length  T - 0.12  usee  (see  for  details  section  k) . 

The  measurements  on  which  the  model  is  based  have 
been  performed  in  the  so-called  near  grazing  angle 
region.  The  model  is  rigorously  tested  with  results 
of  measurement  and  calculation  of  various  other  in- 
vestigators, which  have  been  recognized  in  litera- 
ture as  significant.  For  this  purpose,  reference  Is 
made  to  the  recently  published  volume  on  Radar  Re- 
flectivity of  land  and  sea  (Long,  Maurice,  W.  [3]) 
and  to  Nathansons  book  on  Radar  design  principles  [6], 
It  is  hereby  assumed  that  the  most  significant  data 
and  calculations  on  sea-clutter  are  accumulated  in 
these  two  volumes. 
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Table  I.  Model  parameter  values  of  aQ,  at  T ■ 0.5  psec. 

2.2  Discussions  on  the  scattering  mechanisms  of  sea-clutter 

Guinard  en  Daley  have  shown  (1970  [2])  that  the  Wright  model  presents  a comparable  trend  for  the 
results  of  measurements  of  o W.  Significant  deviations  have  been  observed  for  a HH  at  incidence  angles  be- 
low 30°.  The  explanation  forthe  lack  of  agreement  between  aQHH  and  the  I imi t ing°values  at  the  smaller  gra- 
zing angles  may  be  found  by  considering  the  cross  section  of  a composite  surface.  Vright(1968  [10]), 
Valenzuela  (1968  [9])  and  Long  (197k  [5]),  (1975  [3])  have  introduced  the  effect  of  a combination  of  ca- 
pillary waves  and  tilting  of  the  scattering  surfaces  on  the  slopes  of  the  swells  and  shorter  gravity  waves. 
The  effects  of  the  tilting  of  these  facets  would  be  expected  to  produce  significantly  larger  variations  in 

the  horizontally  polarized  cross  section  than  in  the  vertically  polarized  cross  section. 

Independent  of  Longs  approach,  the  author  of  this  paper  has  investigated  the  influence  of  pulse  length  on 
the  facet  mechanism  (Sittrop,  H,  1975  [8]).  A similar  approach  has  been  followed  by  analysing  the  relative 
power  for  the  low  and  high  frequency  spectra.  The  Influence  of  shorter  pulse  lengths  on  the  resolution  of 
the  periodic  effect  of  shorter  gravity  waves  is  investigated.  Details  will  be  shown  in  section  k. 

In  summary  we  can  say  that  the  influence  of  the  facet  mechanism  on  the  cross  section  at  horizontal 

polarization  is  quite  significant,  in  particular  at  shorter  pulse  lengths. 

The  slightly  rough  surfaces,  i.e.  one  whose  height  variations  are  small  compared  with  the  incident 
wavelength  and  whose  slopes  are  small  compared  with  unity,  are  of  dominant  Importance  for  the  cross  sec- 
tion at  vertical  polarization.  In  the  small  perturbation  theory  these  surfaces  are  related  to  the  radar 
wavelenght  by  the  Bragg  scattering  condition  that  the  radar  return  of  adjacent  crests  adds  in  phase.  For 
small  angles  In  the  near  grazing  angle  region,  these  scattering  surfaces  are  in  the  order  of  X/2  and,  for  the 
radar  wavelengths  as  considered  here,  they  are  in  order  of  1.6  and  0.9  cm.  These  wavelengths  are  in 
the  capillary  region.  An  impression  of  capillary  waves  superimposed  on  sea  waves  is  given  in  fig.  1. 

For  angles  in  the  plateau  region  and  even  more  in  the  near  vertical  incidence  region  Bragg  resonant  sur- 
faces have  longer  wavelengths.  At  80°  incidence  angle  they  are  respectively  9.2  cm  and  5.k  cm,  for  X- 
resp.  Ku-band.  Particulary  In  this  region  saturation  effects  can  be  significantly  different  from  those  in 
the  near  grazing  angle  region.  The  increase  of  cross  section  with  windveloc I ty  .therefore  ,i s expected  to 
be  quite  different  In  these  observation  regions, in  particular  at  Ku-band. 

Differences  In  the  Increase  of  cross  section  with  wlndveloclty  observed  at  Ku-band  by  Moore  (1970  [5]) 
and  the  author  of  this  paper  (1975  [8])  can  be  explained  partly  by  this  mechanism.  Another  assumption 
which  can  be  made  Is  that  In  the  near  grazing  angle  region,  in  particular  at  Incidence  angle  in  the  order 
of  1°  or  below,  the  effects  of  attenuation  by  spray  may  have  an  Important  impact  at  Ku-band.  This  effect, 
obviously,  wl 1 1 be  increased  at  higher  windveloci t les  and  consequent ly,  the  increase  of  cross  section  with 
windspeed  will  be  reduced.  While  on  one  hand  this  effect  will  diminish  the  increase  of  cross  section  with 
wlndspeed  at  near  grazing  incidence,  on  the  other  hand  the  increase  of  water  wavelengths  to  satisfy  the 
Bragg  resonance  criterlum  will  require  higher  wlndspeeds  In  the  near  vertical  incidence  region.  In  this 
latter  region  the  attenuation  by  spray  is  ntgligeable,  due  to  the  short  passage.  The  troughs  of  the  shorter 
gravity  and  swell  waves  can  be  observed  clearly,  while  they  are  screened  at  grazing  incidence  angles  in 
the  order  of  1°. 

Both  observations,  however,  clearly  show  no  saturation  effect.  The  model  described  In  this  paper  in- 
dicates for  the  wlnaveloclty  region  of  kO-70  kts  an  increase  of  cross  section  of  resp.  k dB  and  2 dB  at 
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incidence  angles  of  10°  and  45°.  Between  20  and  40  kts  the  increase  is  respectively  5 dB  and  2.5  dB.  Refer- 
ring to  the  work  described  by  Ciaassen  (1972  [1])  no  saturation  effect  In  the  plateau  region  is  expected 
due  to  capillary  waves. 


2.3 


The  experimental  model  and  results  obtained  by  other  investigators 


In  this  section  we  will  make  an  effort  to  compare  the  model  with  results  which  may  be  considered 
as  significant  and  have  been  published  in  literature.  These  comparisons  are  made  for  upwind  observations 
at  X-band. 

2.3.1  Comparisons  with  Wrights  new  model  for  sea-clutter 

The  increase  of  o with  incidence  angle,  presented  on  a linear  scale, changes  rather  abruptly  when 
these  angles  are  entering  the  so-called  plateau  region.  Results  in  literature  are  often  presented  in  such 
a way. 

Plotting  of  oQ  versus  incidence  angle  $ on  a log-log  scale  shows  in  general  a linear  relationship.  Rearrang- 
ing Wrights  calculations  of  a W and  Guinards  measurements  results  in  fig.  2.  In  this  figure,  the  median 
values  given  by  NRL  are  transf8rmed  to  average  RCS.  Longs  assumptions  on  the  differences  between  average 
and  median  values,  as  described  in  section  6.2  of  [3],have  been  applied.  We  will  now  examine  step  by  step 
the  correlations  and  discrepancies  between  results  obtained  by  NRL  and  the  author  of  this  paper. 

The  following  is  observed. 

- Wrights  model  calculations  predict  a logarithmic  relationship  of  oq  vs  $.  Three  regions  are  indicated 

- the  near  grazing  angle  and  plateau  region,  5°<$<450 

- the  near  vertical  incidence  angle  region,  45°<ip<80o 

- and  the  lower  part  of  the  near  grazing  incidence  angle  region  (p<5°  j, 

For  this  latter  part  Wright  did  not  make  calculat ions, but  assumed  a <p  relationship,  based  on  the  interfe- 
rence mechanism.  As  a result  of  these  assumptions  the  o vs  log  i p curve  makes  a rather  abrupt  change  in 
slope,  as  shown  in  fig.  2.1  (Fig.  2.1,  2.2,  2.3  and  2.4°are  comprised  in  fig.  2). 

In  this  incidence  angle  area  of  observation,  such  effects  have  not  been  observed  by  the  author  of  this 
paper.  Let  us  now  examine  in  more  detail  results  of  calculations  and  measurements.  The  upper  boundary  o* 
results  of  measurements  performed  by  Guinard  and  Daley  (1970  [2])  is  given  in  fig.  2.2.  The  measurements 
are  made  down  to  about  4 . Measurements  and  calculations  then  coincide,  while  for  all  other  incidence 

angles  a bias  varying  from  2-4  dB  is  observed.  These  differences  decrease  for  smaller  incidence  angles 

and  appear  at  about  5°.  No  reason  seems  to  be  on  hand  that  the  scattering  mechanism  in  this  observation 
region  changes  significantly.  Therefore  an  abrupt  change  in  a vs  log  $ slope  can  not  readily  be  explain- 
ed. In  order  to  obtain  more  specific  information  of  o in  th?s  grazing  angle  region,  relevant  results  of 

other  investigators  have  been  accumulated  and  are  used  ror  comparison.  In  part icular, resul ts  at  incidence 
angles  below  4 are  then  of  importance. 

In  fig.  2.3  measurements  performed  by  MacDonald  ( 1 957) W i 1 t se  et  at  (1957),  Bishop  (1970),  Guinard 
(1970)  and  Nathanson  [6]  are  collected. 

In  order  to  complete  the  picture.  In  fig.  2.2*  a series  of  curves  is  given,  computed  with  the  experimental 
model  presented  in  this  paper. 

Collation  of  the  above  mentioned  information  may  lead  to  the  following  remarks. 

- Results  obtained  by  Bishop,  Guinard  (up  to  15  kts),  Nathanson  (for  q><1°),  MacDonald  and  the  author  of 
this  paper  are  in  good  to  reasonable  agreement. 

- Wiltses  results  show  an  increase  of  cross  section,  varying  from  3-6  dB,  between  reported  windspeeds  of 
16  to  26  kts. 

- Guinards  measurements  show  hardly  any  increase  and  sometimes  even  a decrease  for  reported  windspeeds  be- 
tween 10-15  kts  and  47  kts.  In  particular  the  decrease  is  in  contradiction  with  the  results  of  the  other 
investigators  who  reported  an  increase. 

Nathansons  data  will  be  discussed  in  tne  next  section. 


2.3.2  Comparison  with  data  collated  by  Nathanson 

Nathansons  data  are  reported  for  sea  states.  Capillary  waves  disappear  quickly  with  decreasing  wind. 
Significant  wave  heights  representative  for  a certain  sea  state  may  be  maintained.  Because  o W is  mainly 
determined  by  Bragg  resonant  capillary  waves  the  radar  return  will  diminish  In  the  latter  cafe  and  o W 

will  indicate  too  low  values,  as  the  sea  state  may  be  quotfe'd  td  Be' uh'changfd .' " * 

Nathansons  data  are  given  as  an  average  of  upwind,  crosswind  and  downwind.  Comparisons  with  upwind  results, 
as  done  In  this  case,  may  lead  to  discrepancies.  It  is  therefore  essential  to  examine  the  Impact  of  Inci- 
dence angle  and  windspeed  on  the  average  cross  section  for  these  directions  of  observation.  For  this  pur- 
pose we  apply  the  model  proposed  by  the  author  of  this  paper.  This  model  indicates  a significant  increase 
of  the  upwind/crosswlnd  ratio  of  o W for  larger  incidence  angles  and  windspeed.  In  this  area  we  therefore 
may  expect  discrepancies  with  the  upwind  observations.  In  fig.  3 a general  survey  is  given  of  the  upwind/ 
crosswind  ratio  of  o^,  obtained  at  X-  and  Ku-band.  The  observed  Increase  of  ratio  leads  to  a decrease  of 
average  values  of  upwind-crosswind  and  downwind  observations,  when  compared  with  upwind  results.  Data 
collated  by  Nathanson  show  a similar  trend  for  larger  Incidence  angles  and  windspeeds  combine/  with  the 
effects  of  sea-state  labelling,  as  mentioned  earlier  In  this  section.  Deviations  with  results  obtained  by 
the  author  of  this  paper  may  be  explained.  In  fig.  2.3  and  2.4  it  Is  shown  that  Nathansons  data  are  gra- 
dually decreasing  with  respect  to  the  model  curve,  at  Increasing  incidence  angle. 

We  now  compare  values  obtained  for  o HH.  Upwind/crosswlnd  ratios  computed  with  the  model  show  large 
values  for  increasing  Incidence  angles  at  low  windveloci t ies . Consequently  the  average  values  of  upwind 
crosswind  and  downwind  decrease  at  lower  wlndvelocltles  when  compared  with  upwind.  In  fig.  4 It  is  shown 
that  Nathansons  data  are  gradually  decreasing  with  respect  to  the  model  curve  at  Increasing  incidence  angle 
and  for  low  wlndvelocltles.  At  windspeeds  of  about  30  kts  the  upwind/crosswlnd  ratio  does  not  vary  with 
Incidence  engle;  It  verles  less  than  ♦ 1 dB  between  25  and  35  kts.  Nathansons  data  and  the  model  curve  are 
than  In  reasonable  to  good  agreement.  The  agreement  Is  better  at  smaller  Incidence  angles,  which  confirms 
the  results  of  fig.  3. 

The  model  calculations  are  presented  in  fig.  4 and  in  fig.  5 als  fully  drawn  or  dashed  curves. 
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2.3.3  Comparison  with  data  collated  by  other  investigators 

In  the  previous  section  we  have  presented  o W respectively  o HH  versus  incidence  angle,  with  the 
windspeed  as  a parameter.  In  this  section  we  will  a?so  give  °0W>  respectively  oqHH  versus  windvelocity, 
with  the  angle  of  incidence  as  a parameter.  Results  of  various  investigators  are  compared  with  the  model 
curve.  They  are  shown  in  fig.  5 and  5.1.  fig-  6.1  and  6.2,  fig.  7.1  and  7.2  and  fig.  8.1  and  8.2. 

In  fig.  5 School eys  and  Guinards  (up  to  15  kts)  data  do  remarkably  well  fit  in  the  model  predictions. 
Deviations  between  the  model  calculations  and  Guinards  measurements  at  67  kts  are  clearly  demonstrated 
in  fig.  5.1.  However  a remarkable  good  model  fit  is  obtained  with  Bishops  results  at  an  incidence  angle 
<f  » 1 , both  for  o HH  and  for  o W.  Guinards  measurements  then  correspond  to  a model  curve  of  W - 20  kts. 
Hodel  calculation?  are  represented  by  fully  drawn  or  dashed  lines.  v 

The  information,  accumulated  at  an  incidence  angle  of  <p  - 1°,  is  given  in  fig.  6.1-2.  A reasonable  to  remar- 
kable good  agreement  with  the  model  is  obtained  with  results  obtained  by  Nathanson,  Bishop  and  Schooley. 

In  fig.  7.1*2  results  are  compared  at  an  incidence  angle  <t  - 10°. Grants  and  Yaplee's  data,  copied  from 
long's  book  [3],  are  not  clearly  specified  concerning  the  direction  of  observation.  In  case  they  are  also 
an  average  of  upwind,  crosswind  and  downwind  values,  the  discrepancies  with  the  model  can  be  explained  in 
a similar  manner,  as  those  concerning  Nathansons  data. 

Deviations  between  the  model  curve  and  NRL  data  are  observed  for  high  windveloc i t ies  and  to  some  extend 
for  very  low  windveloc i t ies  at  vertical  polarization. 

In  fig.  8.1-2  results  are  given  for  ar.  incidence  angle  $ - 30°.  Guinards  and  Delays  Bermuda  results  for 
ooHH  are  in  good  agreement  with  the  model.  The  other  results  obtained  by  NRL  are  about  3 dB  below  the  model 
curve.  An  explanation  cannot  readily  be  given. 

In  conclusion  we  may  say  that  results  obtained  with  the  model  proposed  in  this  paper  are  in  reasonable  to 
good  agreement  with  data  and  calculations  presented  in  literature  by  various  other  investigators.  However  , 
the  impact  of  direction  of  observation  on  the  radar  return  is  of  great  significance  and  has  to  be  taken  into 
account.  Observed  discrepancies  can  then  be  explained.  We  therefore  may  assume  that  the  model  can  be 
applied  in  the  near  grazing  angle  and  in  the  plateau  region. 

The  comparisons  have  been  made  at  X-band  and  for  pulselength  t,  which  vary  between  0.25  ysec.and  0.50  usee. 
This  is  done  because  literature  provides  only  these  kind  of  results  In  sufficient  quantity.  Ku-band  infor- 
mation is  only  available  to  a very  limited  extend  in  these  observation  regions  and  consequently  cannot  be 
used  as  a basis  for  comparison. 


3.  CHARACTERISTICS  OF  o 

o 

For  decisions  in  system  design  it  is  of  practical  significance  to  be  informed  of  typical  characte- 
ristics of  clutter  return  at  specific  freq.  bands,  polarization  and  pulselengths.  In  the  previous  sections 
it  has  been  shown  that  c values  can  be  computed  versus  incidence  angle,  windvelocity,  polarization  and 
angle  of  observation.  The  determination  of  an  optimum  combination  of  these  parameters  requires  the  possi- 
bility of  comparison  in  order  to  make  the  right  decision.  The  presented  model  makes  this  possible  in  a 
simple  way.  In  the  next  sections  we  will  discuss  some  examples. 

3.1  The  increase  of  o with  windvelocity  at  X-  and  Ku-band 

o 

The  increase  of  o with  windvelocity  is  dependent  on  incidence  angle.  In  the  near  grazing  angle 
region  this  Increase  is  larger  at  X-band  than  at  Ku-band.  The  smaller  the  angle,  the  larger  the  increase. 

In  the  plateau  region  (g>10°),  the  increase  is  about  the  same. 

These  effects  are  shown  in  fig.  9.  They  can  be  explained  by  Influences  of  screening  and  spray  at  low  grazing 
angles.  Increase  of  wind  causes  spray.  As  is  well  known,  X-band  frequencies  are  less  sensitive  for  atte- 
nuation by  precipitation  than  Ku-band  frequencies.  Consequently  at  very  low  grazing  angles  and  in  parti- 
cular at  crosswind  observations  this  spray  effect,  which  is  more  dense  at  crosswind,  can  have  a serious 
impact  on  the  a characteristics  at  Ku-band.  This  impact  is  more  severe  at  vertical  polarization  due  to  the 
fact,ihat  the  radar  return  is  then  predominantly  determined  by  Bragg  resonant  capillary  waves. 

3.2  Ratios  of  o for  X-  and  Ku-band 

o 

Bragg  resonant  capillary  waves  are  more  easily  excited  at  Ku-band  than  at  X-band.  Inversely  they 
die  away  more  rapidly.  Th-refore  X/Ku-band  ratios  of  o expressed  In  dB's  are  negative  at  low  windvelocl- 
ties.  The  Ku-band  return  Is  then  larger.  For  increasing  wind  X-  and  Ku-band  return  become  comparable  at 
small  incidence  angles.  As  explained  In  the  previous  section,  spray  effects  then  have  a significant  impact 
on  the  radar  return.  In  the  plateau  region  these  effects  do  not  occur.  The  Increase  of  water  wavelength 
to  satisfy  the  Bragg  resonance  criterion  will  require  higher  windspteds,  In  particular  In  the  near  verti- 
cal incidence  angle  region.  Consequently  the  Ku-band  return  is  larger  In  these  latter  two  cases.  A survey 
of  these  characteristics  Is  given  In  fig.  10. 

3.3  « .Jpw'tid/crosswlnd  ratios  of  o 

o 

In  general  It  is  assumed  that  these  ratios  expressed  In  dB's  are  always  positive,  In  other  words 
upwind  is  always  larger  than  crosswind  return.  The  model  shows  the  contrary.  Depending  on  polarization 
end  incidence  angle  Inverts  effects  are  observed  as  shown  In  fig.  3-  In  particular, effects  at  vertical  po- 
larization are  Interesting.  Because  o W Is  mainly  determined  by  capillary  waves,  crosswind  observations 
at  very  small  grazing  angles  show  a larger  crosswind  than  upwind  return. 
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3.k  Polarization  ratios  of  a 

o 

The  two  scatter  mechanism  of  capillary  waves  and  facets  plays  a dominant  role  when  considering 
polarization  effects.  The  tilting  of  facets  by  the  interaction  of  swell  and  wind  driven  shorter  gravity 
waves  is  important  for  the  direction  of  backscatter  at  ho,  l.’ontal  polarization.  Because  these  facets  are 
overlaying  the  wave  structure,  o HH  at  larger  Incidence  angles  gradually  decreases  for  upwind  observations. 
The  main  direction  of  backscatter  than  does  not  correspond  with  the  angle  of  incidence.  For  crosswind  ob- 
servation the  facet  tilt  dependence  due  to  the  above  mentioned  Interaction  effects  can  become  quite  com- 
plicated. It  proves  to  result  in  a different  response  for  o HH  and  a W.  Because  the  facets  In  the  waves 
now  contribute  to  the  backscatter,  o HH  increases  at  very  small  inc?dence  angles.  The  increase  of  0QHH 
in  the  plateau  region  may  be  explained  by  the  possibility  that  for  large  windspeeds  the  facet  slope  is  not 
so  steep  as  for  upwind  observations.  In  general  o W larger  than  OqHH.  For  very  small  grazing  angles  0q W 
becomes  smaller  than  o HH;  up  and  crosswind  show  §n  inverse  effect.  Results  of  model  calculations  are 
given  in  fig.  II.  ° 


It.  THE  DEPENDENCE  OF  THE  CLUTTER  RETURN  ON  PULSELENGTH 

Results  discussed  in  the  previous  sections  are  representative  for  T » 0.5  usee,  as  far  as  the  model 
is  concerned.  The  shorter  gravity  waves  cannot  be  resolved  Individually  with  these  pulselengths.  The  two 
scatter  mechanism  therefore  cannot  clearly  be  separated  from  each  other  and  a noiselike  signal  is 
observed.  The  probability  distribution  of  the  clutter  signal  obeys  a Rayleigh  law.  provided  that  the 
gate  in  which  the  signal  is  detected  has  a much  smaller  width  than  the  pulselength. 

k.1  The  influence  of  shorter  pulse  lengths 

A shorter  pulselength  opens  the  possibility  of  resolving  the  shorter  gravity  and  obviously  the 
swell  waves.  The  facet  mechanism  will  now  play  a dominant  role  in  the  total  scattering  at  horizontal  pola- 
rization. A slow  modulation  due  to  this  facet  scattering  will  be  superimposed  on  the  capillary  scattering. 
Long  [k]  has  observed  a similar  effect.  Depending  on  the  observation  time,  a rather  large  excursion  of 
magnitude  of  radar  return  is  observed;  the  clutter  looks  target  I ike.  In  literature  this  is  often  qualified 
as  non-Rayleigh  sea-clutter,  which  is  log-normally  distributed.  In  fact  the  observation  time,  over  which 
the  distribution  Is  made,  is  of  great  significance  in  determining  the  type  of  distribution.  Due  to  the  fact 
that  vertical  polarization  is  much  less  influenced  by  the  facet  scatter  mechanism,  the  slow  modulation  by 
the  shorter  gravity  waves  is  not  observed.  In  short,  the  character  of  oqW  is  hardly  influenced  by  pulse- 
length. 

Measurements  made  at  a pulse  length  T • 0.12  usee  result  only  in  a bias  cross  section  for  cM/V.  Bias 
incorporation  in  the  model  results  in  a good  fit  with  the  measurements.  At  horizontal  polarization  model 
calculations  indicate  an  upper  boundary  of  o HH.  Results  are  shown  in  fig.  12.  Bias  values  to  adapt  the 
model  to  pulselength  T ■ 0.12  usee  are  given°in  table  2.  It  must  be  emphasized  that  the  Ku-band  values 
are  only  given  on  a preliminary  and  indicative  basis.  Not  enough  measurements  are  available  to 

accept  these  values  as  final.  Due  to  the  different  trend  they  show,  we 
thought  It  interesting  to  mention  them.  However,  for  the  time  being,  these 
values  have  to  be  thoroughly  verified.  More  information  is  available  in 
the  X-band,  though  not  in  such  quantities  as  for  pulselength  x ■ 0.5  usee. 

The  existence  of  a slow  modulation  effect  will  be  demonstrated 
in  the  next  section. 


Table  2.  Corrections  of  the  parameter  a for  T - 0.12  usee. 
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THE  SPECTRUM  BANDWIDTH  MODEL 


Based  on  measurements  an  expression  has  been  derived  for  the  spectrum  bandwidth  [7].  Rewriting 
this  expression  results  In  u 

Blog  + (Blog  + y)log  ^ 


Vs’  V'° 


IF 


Hz 


Constants  and  variables  allocated  to  this  expression  are  given  in  table  }.  As  can  be  expected,  the  rms 
velocity  spread  Is  larger  for  Ku-band  than  for  X-band.  Details  are  given  In  [ 7 ] . An  interesting  aspect 
is  the  allocation  of  a slow  modulation  effect  in  the  scattering  mechanism  by  spectrum  analysis.  These 
effects  have  been  described  Independently  by  Long  [k]  and  the  author  of  this  paper  [8].  For  this  purpose 
we  examine  the  scintillation  spectrum  of  the  reflected  signal. 
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$.1  The  scintillation  spectrum 

The  fluctuations  around  the  mean  can  be 
described  with  the  scintillation  spectrum  of  the 
reflected  signal.  The  spectrum  is  calculated  by 
Fast  Fourier  Transform  (FFT).  A 10  bit  A/D  con- 
version is  used,  the  number  of  samples  corresponds 
to  N • 1021*  and  the  frequency  resolution  is 
1.46  Hz.  The  spectrum  ordinate  is  normalized  in 
such  a way,  that  0 dB  is  the  variance  of  the 
signal,  corresponding  to  the  total  energy  con- 
tents of  fluctuations. 


5.1.1  The  low  frequency  part  of  the  spectrum 
up  to  f • 10  Hz  and  examples  of  the 
spectruS  in  excess  of  I Hz 

The  fluctuation  behaviour  around  the  mean 
appears  to  be  significantly  different  for 
T-0.12psec.  compared  with  t ■ 0.5  usee.  For  hori- 
Table  3.  Model  parameter  values  for  the  spectrum  band-  zontal  polar i zat ion , a low  frequency  spectrum  is 

width  at  T - 0.5  usee.  superimposed  on  the  characteristic  clutter  spectra. 

This  effect  is  Increased  for  crosswind  observation 
and  's  more  pronounced  at  larger  incidence  agles.  It  can  be  hardly  noticed  at  vertical  polar izat ion.  In  fig. 
13.1  and  fig.  13.2  two  examples  are  given  for  horizontal  polarization  and  In  fig.  14  one  example  for  verti- 
cal polar izat ion. They  are  typical  for  these  phenomena . On  I y the  low  frequency  part  of  the  spectrum  is  shown, 
up  to  f - 20  Hz.  The  very  low  frequency  component  of  0.1  Hz  <f<  0.2  Hz,  which  is  observed  both  for  hori- 
zontal and  vertical  polarization,  represents  the  larger  sea  structure,  the  swell. 

Apart  from  this  swell  effect  the  low  frequency  part  of  the  spectrum  Is  flat  for  vertical  polarization. 

This  is  not  the  case  for  horizontal  polarization,  indicating  that  a relatively  significant  part  of 
the  energy  contents  of  the  fluctuating  signal  is  contained  in  the  lower  frequency  part  of  the  spectrum. 

This  suggests  that  the  clutter  return  behaves  more  targetlike.  An  estimation  is  made  of  the  power  contents 
of  the  fluctuating  signal,  after  extraction  of  the  mean.  The  analysis  is  made  for  frequencies  up  to 

10  Hz  and  is  relative  to  the  total  power  contents  of  the  fluc- 
tuating signal.  The  results  are  given  in  table  4.  This  table 
shows  that  the  relative  low  frequency  contents  of  the  fluctua- 
ting signal  can  be  as  high  as  40%  of  the  variance.  For  frequen- 
cies in  excess  of  10  Hz  the  spectrum  shows  to  be  similar  for 
horizontal  and  vertical  polarization  at  all  measured  grazing  and 
observation  angles.  Typical  samples  of  the  scintillation  spectra 
in  excess  of  1 Hz  are  given  in  fig.  15  and  fig.  16  for  respecti- 
vely X-band  and  Ku-band. 


5.1.2  The  spectrum  bandwidth 


As  mentioned  earlier  in  this  paper,  relatively  few  measure- 
ments at  short  pulselength  have  been  made  by  the  author  of  this 
paper.  Available  data  at  X-band  show  a larger  increase  at  cross- 
wind  than  at  upwind.  Comparisons  made  between  results  at 
T - 0.5  usee  and  t - 0.12  usee  are  demonstated  in  fig.  17  and 
fig.  l8. 
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Table  4.  Relative  power  contents  of 
slow  modulation  effects 
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H TARGET  CHARACTERISTICS 

1.  THE  INFLUENCE  OF  THE  EARTH  ON  THE  RCS 

A radar  operated  in  the  presence  of  the  earth  does  not  even  remotely  correspond  to  operation  in 
free  space.  Three  major  influences  have  an  important  effect  on  the  propagation  of  e.m.  waves. 

- Due  to  reflection  of  the  earth,  interference  effects  are  caused 

- Due  to  shadowing  effects  of  the  earth,  diffraction  phenomena  occur 

- Due  to  the  inhomogeneity  of  the  earth,  refraction  effects  are  produced 

In  this  paper  we  will  consider  the  so-called  multipath  effects,  producing  Interference  patterns  and  their 
increasing  or  reducing  the  radar  return  under  specific  conditions  of  observation. 

Small  angles  of  incidence  are  the  main  objective,  although  no  restrictions  are  made  for  larger  angles  of 
incidence. 

The  above  mentioned  phenomena  have  been  extensively  treated  by  Kerr  [I],  He  has  grouped  all  these  fac- 
tors Into  a single  quantity  called  the  pattern  propagation  factor  F = | -g — ( (1) 

in  which:  o 

Eq  « The  electric  field  under  free  space  conditions  at  a given  point,  with  the  transmitting  antenna  directed 
towards  that  point. 


E - The  electric  field  to  be  Investigated  at  the  same  point. 

For  a given  orientation  of  transmitting  antenna  F is  a scalar  function  of  position. 


The  generalised  form  of  the  radar  equation  is: 


\oh2  k 

— ^ . Oo.F  . where  Oq  is 


the  RCS  in  free  (2) 
space. 
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Departing  from  these  basic  concepts  we  will  develop  a simple  model  to  describe  target  characteristics  in 
the  presence  of  the  earth.  In  relation  with  the  first  part  of  this  paper  we  will  consider  targets  in  a sea 
envi ronment . 

I.t  Assumptions  of  the  scattering  mechanism 

Rather  crude  assumptions  are  made  for  the  scattering  mechanism  of  the  target.  An  individual  target 
structure  is  considered  to  be  composed  of  a linear  array  of  point  scatterers  distributed  vertically  above 
the  water  surface.  The  contribution  of  each  scattering  center  is  assumed  to  be  independent  of  the 
adjacent  scatterers.  The  magnitude  of  the  reflections  Is  determined  by  the  free  space  RCS  of  the  target. 

The  water  surface  can  be  considered  to  be  perfectly  smooth  or  rough.  Two  methods  are  used.  An  approximation 
of  the  total  backseat tered  field  strength,  the  coherent  integration  method,  and  approximat ion  of  the  total 
backseat tered  power,  the  incoherent  integration  method.  A solution  is  given  in  closed  form  and  numerically. 

1.2  The  multipath  RCS  approximation 

For  this  purpose  we  assume  a radar  target  configuration  which  is  given  in  fig.l. 

Following  Kerr  [I]  we  may  write  the  following  expression  for  the  field  strength,  incident  on  the 

target : 


E - Er  ♦ Ed  • Eo  [ f (0| ) ♦ pf<92)  e‘1(#tkAR)]  (J) 

| C|  -I  t J F -I  Ej  A f2 (e, ) ♦ p2f2  (02)  ♦ 2pf  (e, ) f (e2)  cos  a.)  (A) 

as  F - | f (8, ) ♦ pf(82)e''a|  (5) 

Vrrz  z 

and  oi  * 0 ♦ kAK  2 0 ♦ • ■ (6) 


Th«  path  length  differences,  AR,  in  the  farfield  zone  are  obtained  by  expanding  each  path  length  by  the 
binomial  theorem  and  subst ract i ng . We  than  denote 

2 2 k 2 2k 

2 z.z  zf  ♦ z*  3*:  ♦ 10z,  zc  ♦ 3 z 

'—77 ’ 


We  assume  a complex  reflection  coefficient 

e-if  0<p<> 

r =p  p-pqps 

0»ir  (In  most  cases)  (8) 

p Is  the  rms  specular  scattering  coefficient  V 

p°  is  the  magnitude  of  the  reflection  coefficient 

The  assumption  that  r»Zj»z  implies  that  all  angles  Involved  are  depression  angles  if  the  maximum  of  the 
antenna  beam  is  directed  above  the  target. Further  assumptions  are  that  f.  - f.  - $ « incidence  angle.  In 
case  of  a wide  beam  In  the  vertical  plane,  which  is  slightly  depressed  to  obtain  an  optimum  Illumination 
of  the  target,  f(0_),  f(¥.)  and  f(V2)  approximate  unity,  otherwise  the  antenne  pattern  and  position 
functions  can  be  taken  .nto  account  giving  rise  to  a reduced  reflection  magnitude. 

The  field  strength  at  the  radar  due  to  one  scattering  center  at  the  target  can  then  be  written  as: 

| E | F2 

AE  - -4—  A6 

/o  2 Aitz.z 

or,  because  | Ej « /oo:  AE«  -jy  .A6  . (1  ♦ p - 2pcos  ) (9) 


We  will  now  substitute  the  target  by  an  array  of  N discrete  scattering  centers,  distributed  over  a length 
26.  They  contribute  independently  to  the  total  back  scattered  field  strength  at  the  radar. 


N - I + 


26 

A? 


(10) 


A continous  target  description  Is  obtained  In  the  limit  situation  whereby  A6  ■»  0.  In  that  case 

/o  2 *«*  ,* 

dE  « -jy-  (1  -f  p - 2pcos  ~^r  ) dz 


01) 


»: 

1 
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1.2.1  The  coherent  integration  method 

Assuming  a smooth  reflecting  surface,  the  reflected  field  strength  (Es)  at  the  radar  can  be  written  as 

h+6  /o  h+6  . Itirz  z 

I E | » / dE“  -=T  / (1+p  - 2pcos  —r ) dz 

5 h-6  Z0  h-6  Ar 

which  given:  | Ej  “ /oq  (1  +p2  - 2pcos  4irg)q . , where: 

z, 

9 * tg  ip  • — , f is  Incidence  angle 

P - y-  and  q » y , Zj  and  h are  radar  - resp.  target  height,  26  is  target  length 

2 

Due  to  propagation  effects  over  the  earth,  the  power  at  the  radar  receiver  is  now  proportional  to  | E | 
and  the  multipath  RCS  approximation  can  be  written  as  s 

oa  - Oq  [1  + p2  2pcos6ir<pq.  ]2  (12) 


also  called  the  apparent  RCS. 

1.2.2  The  incoherent  integration  method 

In  case  the  target  and  reflecting  surface  are  rough  and  of  random  nature,  the  phase  of  the  signal 
scattered  by  each  reflecting  center  may  lie  between  zero  and  360  , with  all  values  being  equally  likely, 
when  reflected  on  a fixed  point  on  the  water  surface.  The  apparent  cross  section  is  then  taken  as  the  sum 
of  the  cross  sections  of  the  scattering  centers 


a 

a 
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r a 
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We  then  apply  the  incoherent  integration  method. 
The  pattern  propagation  factor  is  then 


L 2 '•irz.Z  ? 

F « (1  + p - 2p  cos  ) 


(13) 


(16) 


The  power  reflected  by  each  scattering  center  Is  then  proportional  to: 


o 

o 


2t 


(i  + p2 


6tz  z 

2p  cos  — ^ — ) dz 


(15) 


and  the  back  scattered  power  at  the  radar  can  be  written  as 


from  which  results  that 


P 

r 


h+6  o 

A*"*' 


2 


2p  cos 


U-nr  v 


2 


dz 


1 

fin 
r j 
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» 


o#  - oq  [(1+p2)+  p2-6p(1+p2)cos6i!(j>q.  ♦ 

+ 2p2cos8w(pq  -^££E  ] 

1.2.3  The  numerical  integration  method 

The  coherent  and  incoherent  integration  method  are  applied  for  the  far  field  region,  for  which  the 
binomial  theorem  expansion  of  path  length  differences  AR  is  valid. 

Laboratory  conducted  experiments  however  usually  have  to  take  place  at  short  range.  In  particular  at  very 
small  grazing  incidence  angles  a significant  error  in  path  length  difference  occurs.  The  binomial  expansion 
Is  not  valid  any  more  and  a solution  In  closed  form  Is  not  possible. 

A numerical  Integration  method  then  has  to  be  applied.  Deviations  between  short  range,  small  angle  measu* 
rements  and  those  performed  In  the  far  field  can  thus  be  explained.  Path  length  differences  for  each 
scattering  center  are  then  computed  for  each  of  them,  taken  into  account  their  respective  phases. 

The  length  of  the  direct  ray  path  is  /rz  ♦ (Zj-z)2,'  (17) 


I 
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/ 2 2 ' 

The  length  of  the  reflected  ray  path  is  / r ♦ (Z.+Z)  . 

The  total  incident  and  reflected  field  strength  of  one  scattering  center  Is  proportional  to: 


-io,  -ia2  2 -la 

Aj  e + A2-p  e + Aj.  p e 3 

and  for  discrete  scattering  centers  of  the  kth  target: 


j-1 


{(A,)k.  e ’ kj  + (A2)kj.  2p.e  2 kj  + (Ajhp2. 


(°3)kj 


/o 


As  (A,)kj  - (A2)kj  - (A3)kj  . , „e  can  then  write: 


o - [ Z e ( {1  + 2p.  e 2 -fp*.  e 3 ' KJ  }] 

3k  "k  » 


-iK-a,),,  2 -I  (a3-a,)kj 


°o  Nk  -1(b)  *l(a  -a)  22 

a ■ — y [I  e ' kj  (1+P.  e 2 1 kj  } ] 

\ n/  j-1 


a3  - Oj  “ Ztaj-Oj)  - 2 {/ r2  + (zj+z)2  -J  r2  + (z(-z)2} 


(18) 


(19) 


(20) 


(21) 


(22) 

(23) 


Additional  advantages  of  the  numerical  integration  method  are  the  following: 

- Tilting  of  the  array  of  scatterers  can  be  easily  taken  into  account.  The  relevant  path  lengths  for  each 
scattering  center  can  be  adapted  to  the  tilt  by  inserting  the  correction  Ar  on  the  ground  range,  as  is 
shown  in  fig.  2. 

Ar  - z tan  0 (24) 

- A combination  of  coherent  and  incoherent  integration  can  be  performed  relatively  easy. 

- Almost  any  target  configuration  can  be  covered  within  the  restrictions  imposed  by  the  application  of 
scattering  centers. 

A disadvantage  may  be  the  relatively  long  computing  time  required,  compared  with  the  solution  in  a closed 

form.  An  optimum  may  be  obtained  by  a combination  of  the  two  methods  for  complicated  target  structures. 

A numerical  Integration  program  has  been  developed  and  tested  at  the  Physics  Laboratory  TNO. 


2.  THE  APPARENT  RCS  OF  VARIOUS  TARGETS 

This  section  considers  targets  with  smooth,  almost  ideal,  surface  contours  and  practical  configura 
tions.  The  first  type  of  target  Is  applied  to  verify  the  validity  of  the  multipath  RCS  approximation 
model,  the  latter  to  test  the  applicability  on  real  targets. 

2.1  Smooth  surface  targets 

The  measurements  to  verify  the  model  has  been  performed  In  a laboratory  conducted  measuring  faci- 
lity. 

The  targets  are  mounted  on  a turntable  which  can  be  adjusted  in  height  by  moving  an  underwaterplatform, 
while  the  radar  is  installed  on  a tower  lift  platform  which  can  be  adjusted  vertical  up  to  15  m above  the 
waver  I eve  I . 

An  external  calibration  method  Is  adopted,  using  a calibrated  flat  plate  in  a free  space  configuration. 

An  accuracy  is  obtained  to  within  1 dB. 

The  measurement  set-up  is  symbolized  in  fig.  3. 

2.1.1  The  cyl inder 

The  basic  target  configurations  are  shown  in  fig.  1.  Results  of  measurements  and  calculations  are 
given  In  fig.  4. 

Degrading  interference  effects  at  vertical  polarization  and  Increasing  incidence  angles  are  demonstrated 
in  fig.  5.  These  effects  do  not  occur  at  horizontal  polarization,  as  shown  in  fig.  6. 

In  both  cases  the  cylinders  are  respectively  0.1  m and  0.5  m above  the  water  surface.  The  radar  frequency 

is  X-band  and  the  water  surface  Is  considered  smooth. 

2.1.2  The  cylindrical  "belt" 

Results  of  measurement  and  calculations  are  given  In  fig.  7.1-3.  The  difference  between  the  far 

field  and  short  range  approximation  Is  shown  In  respectively  fig.  8 and  fig.  9.  In  these  latter  two  cases 

the  radar  is  In  the  Ku-band  and  the  target  configuration  is  as  shown  In  fig.  7-3. 
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Results  of  measurement  and  calculations  shown  in  these  sections  are  in  good  agreement.  This  implies 
That  the  assumptions  to  substitute  the  target  by  an  array  of  discrete  scattering  centers  can  be  applied. 

The  cylinder  and  cylindrical  belt  can  be  applied  in  most  cases  for  a variety  of  target  configurations 
which  are  situated  above  the  wafer  surface. 

Due  to  practical  considerations  of  measurement  in  the  laboratory  measuring  facility,  only  targets  situated 
relatively  close  to  the  water  surface  have  been  Investigated. 

Other  examples  of  application  of  the  cylindrical  belt  model  are  target  configurations  such  as  the  ellip- 
soid, the  diabolo,  the  sphere,  the  cone  sphere,  the  cylinder  sphere  and  all  kinds  of  double  curved  sur- 
faces. "Belt"  height  determination  is  essential.  A physical  interpretation  of  cross  section,  which  can  be 
derived  from  the  equivalent  body  under  consideration,  relates  it  to  the  flat  plate  area  A which  would 
provide  an  equal  return  signal.  In  our  case,  the  belt  height  corresponds  to  the  maximum  virtical  length  of 
A . A criterion  to  match  the  energy  balance  of  the  radar  return  of  plat  plate  and  body  is  to  take  that 
p8rt  on  the  body  which  lies  within  a distance  of  A/kit  of  the  wavefront  when  it  just  touches  the  front  of 
the  body.  This  is  in  general  as  el  lips.  In  case  the  Z-axis  is  perpendicular  to  the  water  surface,  the  belt 


bA 


height  Is  i = I ■/  -rj-. 

In  case  the  X-axis  Ts 

For  the  direction  of  observation  and  in  free  space,  the  return  of  the  flat  plate  area^A 
F follows:  o - ra2,  which  satisfies  the  energy  balance. 


s perpendicular  to  the  water  surface,  the  belt  height  is6  = x»^/j^ 


With  A 


2.2  Practical  configurations 

The  implementation  of  the  derived  models  on  practical  configurations  requires  dominating  scattering 
areas,  which  can  be  isolated  from  the  remainder  of  the  target. 

In  fig.  11  an  example  is  given  of  a buoy.  The  cylindrical  belt  dominates  slots,  ridges  and  rivets  distribu- 
ted over  the  target  surface.  The  measurements  are  in  reasonable  to  good  agreement  with  the  multipath  RCS 
approximation,  which  satisfies  the  requirements  to  find  optimum  detection  criteria. 

2.3  The  target  cluster 


In  general  the  target  cluster  of  M targets  can  be  considered  as  an  incoherent  summation  of  the  M 
individual  targets,  according  to  the  relation 


in  which 


M 

o - r a. 

k-1  K 


2 sinking  2 

°k  • °ok  (1  + p ’ 2pcos^qk-  ~Wpk"  1 


(30) 

(3D 


Mutual  interaction  effects  are  then  considered  to  produce  a phase  retardation  which  lies  between  zero  and 
360  , with  all  values  being  equally  likely.  Screening  and  persistent  coupling  effects  are  not  considered. 
An  example  is  given  of  an  arbitrarily  chosen  target  cluster,  consisting  of  M targets.  The  configuration 
of  target  distribution  is  given  in  fig.  12,  in  which  the  first  k targets  have  to  betaken.  The  RCS  in  free 
space  is  given  in  table  1.  For  k - 2 two  values  are  chosen,  respectively  3 and  30  m . 
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Results  of  computation  at  X-band  are  given  In  fig. 
cluster  height  is  assumed  to  be  1 . kO  m.  The  second 
When  we  assume  that  the  individual  targets 
centers,  we  can  rewrite  expression  (16)  and  denote 


13.  The  radar  altitude  is  100  ft.  The  maximum  target 
target  (k«2)  has  been  given  a value  of  3 m‘ . 
are  consisting  of  randomly  distributed  scattering 
now. 
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For  expression  (25)  we  can  now  write 
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(33) 


W is  the  weighting  function  for  M targets  at  level  hn-  It  implies  that  for  the  M targets,  the  contribu- 

tftn  of  .....  

For  the 
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scattering  centers  to  the  total  reflected  power  may  be  added  per  level. 
kl"  target,  the  contribution  is  proportional  to: 


k th 

, where  26^  ■ length  of  the  kl  target. 

Dk 


(3k) 


28-11 


in  which  o 


and  26^  are  the  free  space  RCS  respectively  the  target  length. 
°k 


An  example  is  given  for  an  arbitrarily  chosen  target  cluster,  consisting  of  respectively  A and  15  indivi- 
dual targets,  distributed  at  various  height  levels.  Projected  on  one  reference  plane,  the  cluster  can  be 
represented  by  an  ensemble  of  scattering  centers  for  which  N is  the  total  height. 

The  configuration  of  target  distribution  is  given  in  fig.  12.  The  weighting  function  W..  for  M - A,  resp. 

M - 15,  is  shown  in  fig.  14.1  and  15.  The  arbitrarily  chosen  target  RCS's  are  given  in  table  1.  The  multi- 
path  RCS  approximation  o for  M - 4 is  given  in  fig.  16.  The  radar  altitude  is  100  ft.  Computations  are 
made  at  X-band.  Comparisons  with  fig.  13  show  that  almost  identical  results  are  obtained.  Some  minor 
discrepancies  can  be  observed  for  short  ranges  below  0.4  nm.  This  implies  that  for  practical  purposes  the 
incoherent  approximation  method  can  be  applied.  The  application  of  weighting  functions  can  contribute  to  a 
better  understanding  of  the  multipath  RCS  behaviour.  An  example  is  given  in  fig.  14.2;  an  increase  of  a , 
results  in  a significantly  different  weighting  function.  2 


3.  TARGETS  AND  CLUTTER 

The  implementation  of  results,  discussed  in  the  previous  sections,  may  contribute  to  the  search  in 
finding  an  optimum  use  of  radar.  For  this  purpose,  we  will  apply  the  derived  models  for  targets  and  clutter 
to  investigate  signal/clutter  ratios. 

3.1  The  relation  between  radar  frequency  band,  target  height,  radar  height  and  environment  in  order  to 
obtain  an  optimum  s i gna I /c I ut ter  ratio 

It  is  generally  known  that  the  clutter  return  per  unit  area  reduces  at  smaller  incidence  angles. 
Consequently  an  optimum  s i gnal/c I ut ter  ratio  can  be  obtained  in  an  area  of  observation  where  small  inci- 
dence angles  correspond  with  maximum  apparent  RCS's  of  targets  to  be  detected. 

A typical  example,  often  met  in  practice,  is  the  detection  of  small  buoys  by  ship  traffic.  The 
radar  antennas  are  usually  located  close  to  the  water  surface  and  the  buoys  are  floating  on  the  water. 

Optimum  s i gna I /c I utter  ratios  can  be  derived  with  the  aid  of  the  presented  target  and  clutter  mo- 
dels. 

A buoy  Is  represented  by  a cylindrical  belt  of  0.2  m height.  In  fig.  17  and  18  coherent  model 
calculations  of  such  a belt  are  shown.  The  apparent  RCS  in  dB's  relative  to  free  space  is  plotted  versus 
target  height.  The  angle  of  incidence  is  a parameter  and  varies  from  0.1°  to  0.8°,  as  these  angles  are 
considered  to  be  of  importance.  The  calculations,  performed  with  the  numerical  integration  method,  are 
made  for  X-  and  Ku-band  at  horizontal-  and  vertical  polarization. 

In  fig.  19  the  angle  of  incidence  is  plotted  versus  distance  between  radar  and  target.  The  radar 
platform  height  H is  a parameter. 

Depending  on  the  range,  at  which  we  want  to  distinguish  the  buoy  from  the  sea  clutter  environment, 
we  can  now  search  for  an  optimum  combination  of  radar-,  target  height  and  radar  frequency  band  for  specific 
weather  conditions. 

We  will  demonstrate  an  example  in  3.1.1  and  3.1.2. 

3.1.1  Short  range  requirements 

At  ranges  between  1 and  3 nm,  the  angle  of  incidence  varies  between  0.3°  and  0.1°  respectively. 
Referring  to  fig.  17,  18,  19,  resp.  fig.  10,  11  of  part  I,  the  optimum  combination  is:  Radar  height  at  33  ft, 
target  height  1 m,  radar  frequency  Ku-band  and  for  upwind  observations,  polarization  vertical. 

This  can  be  explained  as  follows: 

Radar  height  : a larger  height  implies  larger  incidence  angles  and  consequently  more  destructive  inter- 
ference 

Target  height  : at  Ku-band,  constructive  interference  effects  result  in  a 4-11  dB  increase  relative  to 
free  space  RCS  for  incidence  angles  of  0 . 1 °<<p<0 .3°. 

Ku-band  : because,  for  the  considered  incidence  angles: 

1)  Tne  constructive  interference  effects  result  in  a larger  increase  of  free  space  RCS 
than  at  X-band. 

2)  X-  and  Ku-band  sea  clutter  return  are  about  the  same.  At  higher  windve loc i t ies  th- 
Ku-band  clutter  is  less  than  the  X-band  clutter. 

3)  The  free  space  RCS  at  Ku-band  Is  about  3 dB  larger  than  at  X-band  fcr  the  cylindrical 
configuration  (o«A-1). 

4)  The  ratio  of  RCS  at  Ku-  X-band  varies  between  6 and  9 dB,  Ku-band  being  larger. 

Vertical  polari- 
zation : For  upwind  observation  the  clutter  return  is  2-3  dB  smaller  than  at  horizontal  po I ar i zat ion . 

In  summary,  the  above  mentioned  combinations  result  In  a signal/clutter  ratio  which  can  be  8-12  dB  larger 
at  Ku-band  than  at  X-band  for  the  considered  situation.  An  application  at  rivermouths  or  harbours  seems 
to  be  feasible. 

3.1.2  Long  range  requirements 

A^slmilar  procedure  as  for  the  short  range  can  be  adopted.  For  the  same  incidence  angle  region  of 
0.1<$<0.3  identical  results  are  obtained  at  Ku-band  for  situations  as  Indicated  in  fig.  19. 

In  summary,  we  can  say  that  an  optimum  combination  of  radar-  and  observation  parameters  can  be  pre- 
dicted. Obviously,  the  target  does  not  need  to  be  limited  to  a cylindrical  structure.  Any  target  cluster  can 
be  approximated,  taking  into  account  the  imposed  restrictions. 
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3.2  Typical  discrepancies  between  clutter  and  target  scintillations 

Detailed  analysis  of  clutter  spectra  has  shown  that  the  spectrum  bandwidth  is  twice  fie  median 
value  of  clutter  spectrum.  Based  on  the  information,  contained  in  the  clutter  spectrum  model,  we  can  now 
derive  a histogram  of  median  values  of  clutter  spectrum  estimates.  The  median  value  of  cumulative  spec- 
trum is  weighted  with  the  mean  variance  and  a histogram  is  made  of  these  weighted  values;  such  a typical 
histogram  is  made  of  sea  clutter  at  X-band  and  horizontal  polarization.  The  number  of  spectrum  estimates 
is  675-  They  are  representative  for  grazing  angles  between  0.3°  and  2 at  wi ndveloc i t ies  which  vary 
between  5 and  35  kts. 

The  results  are  shown  in  fig.  20.1.  For  a buoy  floating  on  the  water  a similar  type  of  histogram  is  made. 
The  number  of  spectrum  estimates  in  this  case  is  50,  each  containing  512  datapoints.  A typical  spectrum 
is  incorporated  in  fig.  20.2. 

Target  and  clutter  spectrum  demonstrate  significant  differences.  Accepting  a false  alarm  probability,  one 
configuration  can  basicly  be  distinguished  from  the  other  by  declaring  a target  present,  when  the  median 
spectrum  estimate  is  below  a specified  frequency.  From  fig.  20  a frequency  of  30  Hz  with  a false  alarm 
probability  of  less  than  1%  is  suggested. 

This  situation  is  feasible  in  practice  and  symbolized  in  fig.  2.1. 


A.  TARGET  SCINTILLATIONS  OF  A BODY  OF  REVOLUTION  IN  FLIGHT 


A ballistic  projectile  in  flight  performs  a typical  pattern  of  movements,  generally  known  as  pre- 
cession, nutation  and  rotation.  These  movements  are  symbolized  in  fig.  22. 

These  movements  generate  a complex  aspect  variation  between  the  axis  of  symmetry  of  the  projectile  and  the 
radar  observer.  Irregularities  on  the  body  of  revolution,  combined  with  the  variation  of  aspect.  Introduce 
a pattern  of  scintillations  of  reflected  amplitude.  These  are  typical  for  the  kind  of  movement.  Spectrum 
analysis  of  measured  target  scintillations,  caused  by  a body  of  revolution  in  flight,  show  resonance  effects. 
This  occurs  at  frequencies  which  correspond  to  the  frequency  and  the  higher  harmonics  of  rotation,  nutation 
and  under  some  conditions  of  observation  also  precession.  Complicated  ballistic  theories  describe  the 
decrease  of  frequency  of  rotation  during  the  flight.  Spectrum  analysis  of  target  scintillations  indicate 
a comparable  rate  of  decrease  with  those  as  predicted  by  these  theories. 

Specific  discontinuities,  on  the  target  body  or  in  the  nose  section,  can  emphasize  the  earlier  mentioned 
resonance  effects.  Thus  the  frequency  of  rotation  and  its  decrease  during  flight  can  be  better  analysed  and 
determined  to  within  1 Hz. 

A typical  scintillation  spectrum  of  a body  in  flight  is  shown  in  fig.  23. 

The  measured  and  calculated  decrease  of  the  frequency  of  rotation  is  given  in  fig.  2k;  the  calculations  have 
been  made  by  ballistic  experts  of  the  Netherlands  Army. 

4.1  Simulations  of  target  aspects  of  a body  in  flight 


To  a limited  extend  target  aspect  variations  with  respect  to  the  radar  observer  are  simulated  for 
a specific  flight  trajectory.  These  calculations  have  been  made  by  Ir.  B.  Poelsema,  formerly  at  the  Physics 
Laboratory  TNO.  Only  the  basic  principles  of  his  approach  are  given  here. 

The  origin  of  the  coordinate  system  is  the  focal  point  for  our  simulation  procedure  (see  fig.  25). 

The  target  axis  is  symbolized  by  a unit  vector.  The  observer  looks  along  the  negative  X-axis  into  the 
origin.  The  direction  of  horizontal  polarization  is  along  the  positive  Y-axis,  of  vertical  polarization  along 
the  positive  2-axls.  The  aspect  angle  of  the  target  is  symbolised  by  a,  the  target  elevation  by  6 and  the 
target  aspect  without  precession  and  nutation  by  a . Precession  of  the  target  is  simulated  by  revolution 
of  the  unit  vector  along  the  contour  of  a cone,  wi?h  a half  cone-angle  t - 2.4  . Superimposed  on  this 
precession  is  the  nutation.  This  is  simulated  by  revolution  of  the  unit  Sector  along  the  contour  of  a nuta- 
tion cone  with  a half  cone-angle  T * 1°.  The  frequency  of  precession  and  nutation  are  assumed  to  be 
respectively  5 Hz  and  20  Hz.  On  top  of  all  these  movements  is  the  rotation,  with  a rotation  frequency 
f ■ 150  Hz.  All  these  movements  are  symbolized  In  fig.  25. 

The  above  mentioned  assumptions  have  resulted  in  the  simulation  of  a complicated  mathematical  rela- 
tionship between  the  various  parameters.  In  a general  form  they  can  be  written  as  follows: 
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4.2  Simulation  of  scintillation  spectra  of  a body  in  flight 

The  derivation  of  a continuous  range  of  in  flight  target  aspect  variations,  with  respect  to  the 
observer,  served  as  a basis  for  the  simulation  of  scintillation  spectra  of  the  radar  return. 

The  magnitude  of  target  reflections  is  measured  staticly  at  discrete  target  positions,  which  are 
determined  by  <p,  6,  a and  6.  Relevant  results  of  these  static  measurements  are  now  related  to  the  simulated 
target  aspects,  taking  Into  account  the  rate  of  aspect  variation  with  respect  to  the  observer.  Thus  scin- 
tillation spectra  are  simulated  for  a certain  observation  time  during  the  In  flight  trajectory.  The  proce- 
dure of  simulations  has  been  developed  by  B.  Poelsema  and  H.  Gravesteijn  of  the  Physics  Laboratory  TNO. 
Typical  examples  of  the  effect  of  rotation  are  shown  in  fig.  26.  These  scintillations  are  dominating  those 
caused  by  precession  and  nutation.  An  analysis  in  time  intervals  of  1 sec.  is  presented  in  the  figure.  The 
target  response,  relative  to  an  arbitrarily  chosen  reference  level.  Is  plotted  against  a linear  frequency 
scale.  The  effect  of  higher  harmonics,  including  aliasing,  Is  demonstrated  clearly.  Scintillations  caused 
by  precession  and  nutation  are  also  simulated  for  observation  of  a target  from  the  rear.  The  analysis 
Is  made  for  target  aspects  of  180°  + 4°,  In  steps  of  1°.  Depending  on  aspect  a maximum  is  obtained  and 
shown  In  fig.  27. 

CONCLUSIONS 

An  experimental  sea  clutter  model  has  been  developed  that  shows  a reasonable  to  good  fit  with 
measurement  and  calculations  that  have  been  recognized  in  literature.  Discrepancies  can  be  explained. 


way . 


Characteristic  ratios  of  oq  and  spectrum  bandwidth  can  be  calculated  with  the  model  in  a simple 

The  two  scatter  mechanism  of  sea  clutter  and  its  polarization  dependency  is  demonstrated  for  pulse 
length  of  0.12  psec. 

Multipath  RCS  approximation  methods  are  developed  and  tested  for  a variety  of  targets.  Methods  to 
approximate  target  clusters  are  suggested. 

Characteristic  differences  between  specific  target  and  clutter  scintillation  are  demonstrated. 
Implementation  of  target  and  clutter  models  can  result  In  a proper  combination  of  radar,  observa- 
tion and  environmental  parameters  In  order  to  obtain  an  optimum  signal/clutter  ratio. 

Typical  scintillations  of  a body  of  revolution , in  flight,  can  be  related  to  specific  types  of 
movements  such  as  rotation,  nutation  and  precession. 

The  decrease  of  frequency  of  rotation  can  be  determined  by  spectrum  analysis  of  measurements,  re- 
corded on  a pulse  to  pulse  basis. 
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CLUTTER  CHARACTERISTICS 


Fig.  I Capillary  waves  superimposed  on  water  waves 


Fig. 2 Comparisons  with  Wrights  new  model  of  sea  clutter 
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Fig. 3 Upwind/crosswind  ratios  of  o, 
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Fig.  10  X/Ku-band  ratios  of  o„ 
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Fig.  II  Polarization  ratios  of  o„ 
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Fig. 5 Results  of  calculation  on  a metal 

cylinder 


Fig. 6 Results  of  calculation  on  a metal 
cylinder 


I SAND  (ha 


Fig.7  (1-3)  Results  of  measurement  and  calculation  on  a cylindrical  belt 


Fig. 8 Farfield  calculations  on  a cylindrical 
belt 


Fig. 9 Short  range  measurement  and 
calculation  on  a cylindrical  belt 
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Fig.  10  Belt  height  determination  for  an  ellipsoid 
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WEIGHTED  VALUES  Of  RCS  . 
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Fig.  1 2 Arbitrarily  chosen  targets  projected 
on  a reference  plane 


Fig. 13  Multipath  (voltage)  RCS 
approximation  for  a cluster  of  4 targets 
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Fig.  1 4 Weighting  function  for  a cluster 
of  4 targets 


Fig.  1 5 Weighting  function  for  a cluster 
of  1 5 targets 
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Fig.  16  Multipath  (power)  RCS  approximation  for  a cluster  of  4 targets 
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Fig. 25  Geometry  of  target  aspect  variations 
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Fig. 26  Simulated  scintillations,  due  to  rotation 


DISCUSSION 


B C KAYSERILIOCLU: 


H SITTROP: 


A L C QUIGLEY: 


H SITTROP: 


1)  Why  do  you  use  wind  speed  as  a parameter  to  define  the  o of  the  sea?  Could 
you  equally  well  use  sea  state? 

2)  What  is  the  o of  the  sea  clutter  at  K band  with  circular  polarisation? 

o u r 

1)  Bragg-resonant  capillary  waves  are  generated  or  Increased  almost  Instantly  by 
an  Increase  in  wind  and  hence  also  the  0q.  The  definition  of  sea  state  is  coupled 

to  a certain  'fetch'  and  'duration'  and  does  not  necessarily  give  a good  description 
of  capillary  waves.  Conversely  a sudden  decrease  of  wind  reduces  the  amount  of 
capillary  waves  significantly  and  hence  also  the  The  sea  state  however  may 

remain  the  same  for  some  time  or  reduce  much  more  slowly.  Therefore  the  use  of  sea 
state  as  a variable  is  Inadequate  and  outdated;  it  is  an  Inheritance  of  the  time 
when  facet-scattering  was  recognised  as  the  only  scattering  mechanism. 

2)  Unfortunately  we  have  no  information  available  at  these  polarisations. 

I am  Interested  in  the  possibility  of  eliminating  sea  clutter  returns  from  a 
tracker  radar  by  stationary  plot  filtering.  To  do  this  I need  sea  clutter  spectral 
data  which  was  gathered  using  a patch  which  moves  with  the  sea.  Do  you  know  if 
data  has  ever  been  gathered  in  this  way? 

NRL  has  collected  sea  clutter  data  from  a flying  platform.  However  I doubt  whether 
they  have  done  that  with  the  purpose  you  have  in  mind.  However,  I believe  that  you 
can  extract  the  information  you  need  from  the  short-pulse  results  I presented  in  my 
paper.  Returns  at  vertical  polarisation  are  insensitive  to  the  movement  of  shorter 
gravity  waves  which  are  driven  by  the  wind.  The  clutter  then  depends  merely  on 
capillary  waves.  Hence,  application  of  vertical  polarisation  will  result  in  a 
stationary  spectral  return,  which  will  depend  only  on  vlndspeed.  Obviously  a 
sudden  wind  gust  will  Introduce  discontinuity  effects  at  the  wind  front.  I 
recommend  you  to  have  a close  look  at  Figs  13,  14,  15  and  16  of  my  paper,  including 
the  relevant  sections  on  shorter  pulse  lengths. 
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SUMMARY 


A new  approach  to  radar  development  and  testing  using  real-time  signal  simulation  has  recently 
been  developed  and  successfully  demonstrated  In  the  development  of  a major  phased-array  radar  system-- 
the  AN/TPQ-37  Artillery  Location  Radar.  This  concept  Is  the  use  of  a real-time  Radar  Environment 
Simulation  System  (RESS)  to  serve  as  a test  bed  for  the  development  and  test  of  the  host  radar.  The 
RESS  generates  target  and  clutter  environment  signal  returns  for  Insertion  Into  the  radar  front-end 
video  signal  stream. 

The  main  feature  of  the  RESS  concept  Is  Its  direct  application  of  realistic  target  and  clutter 
models  to  radar  testing.  Complex  environmental  models  are  used  In  an  off-line  general  purpose  computer 
to  generate  signal  control  tapes,  which  are  used  In  an  on-line,  real-time  signal  simulation  unit.  The 
on-line  system  Is  Interactive  with  the  radar,  l.e..  It  generates  signal  modulations  due  to  beam  scanning 
and  transmitted  waveform  In  real  time  on  cue  from  the  radar  transmission.  Target  characteristics  which 
are  reflected  In  the  RESS  output  signals  Include  detailed  prescribed  trajectories  and  RCS  fluctuation 
models.  Over  100  Independent  targets  can  be  generated  thus  simulating  a highly  complex  test  environment. 
Clutter  properties  Include  spectral  shapes,  amplitude  fluctuation,  and  special  non-homogenitles. 

Clutter  types  Include  ground,  rain,  and  false  targets. 

1 . INTRODUCTION 

The  Radar  Environment  Simulator  System  was  developed  under  the  sponsorship  of  the  Program  Manager 
MALOR,  and  the  CSTA  Laboratory,  U.S.  Army  Electronics  Conmand,  Fort  Monmouth,  New  Jersey,  at  Technology 
Service  Corporation,  Santa  Monica,  California.  To  date,  the  RESS  has  been  Intensively  used  in  the 
development  of  three  computer-controlled  phased-array  radars;  most  notably  the  highly  successful  U.S. 

Army  AN/TPQ-37  Artillery  Location  Radar.  (HARRISON,  W.  J.,  1975) 

Figure  1 Illustrates  the  authors'  estimate  of  an  example  of  the  typical  accumulated  hours  of  RESS 
use  In  these  radar  developments,  extending  over  a period  of  approximately  eighteen  months  from  the  time 
of  first  completion  of  a portion  of  the  signal  processor  to  live  field  testing  of  the  radar  set.  Also 
shown  In  Figure  1 are  continued  expected  uses  of  the  RESS  through  operator  training  and  comprehensive 
performance  evaluation. 

The  RESS  real-time  simulation  has  proven  Itself  to  be  a highly  valuable  tool  in  radar  processing 
development  and  testing.  It  was  enthusiastically  accepted  by  both  the  radar-hardware  contractors,  who 
used  It  as  a continual  debugging  and  test  tool,  and  by  the  U.S.  Army  Program  Manager  who  used  It  as  a 
test  bed  to  accurately  monitor  hardware  and  software  development  progress.  The  system  test  results 
obtained  with  the  RESS  proved  to  be  highly  correlated  with  the  live  field  test  results.  The  RESS  was 
employed  In  parallel  with  the  live  field  testing  to  further  explore  problem  areas  as  they  arose  and  to 
serve  as  a test  bed  for  evaluating  the  performance  Impact  of  changes  as  they  were  made  to  the  systems. 

It  Is  hard  to  place  a dollar  savings  on  the  above  uses  of  the  real-time  simulation,  but  surely 
It  amounts  to  a significant  percentage  of  the  radar  development  and  testing  costs.  The  RESS  has  been 
credited  with  savings  of  a minimum  of  six  months  In  the  radar  development  time  in  at  least  two  of  the 
above  mentioned  cases. 

2.  REAL-TIME  SIMULATION 

The  real-time  generation  of  radar  signals  for  use  with  actual  radar  processing  represents  the 
final  stage  In  the  application  of  radar  simulation  technology  to  Its  ultimate  objective,  the  testing  of 
the  radar  hardware  and  Its  associated  system.  The  pacing  considerations  In  this  type  of  simulation, 
compared  to  one  which  Is  fully  computer  Implemented,  are  the  speed  requirements  of  the  on-line  signal 
generation  and  the  Interactive  nature  of  the  radar  with  the  state  of  the  environment.  The  relationships 
between  the  critical  off-line  and  on-line  components  of  the  simulation  are  essentially  dictated  by 
these  considerations  as  they  apply  to  the  object  radar  and  Its  operating  environment. 

It  Is  Important  to  realize  that  the  practical  feasibility  of  a real-time  radar  signal  simulation 
Is  based  on  the  nature  of  the  received  radar  signal  which,  for  all  practical  purposes,  consists  of 
delayed  and  Doppler  shifted  replicas  of  the  transmitted  waveform.  The  entire  Information  content  of 
the  environment  exists  as  modulations  of  the  transmitted  waveform. 

The  applications  of  a well  conceived,  real-time  radar  signal  simulation  extend  through  all 
phases  of  the  development,  test,  and  operational  use  of  the  object  radar.  Such  a simulation  can  be 
used  as  a test  bed  for  radar  data  processing  development  and  debugging,  as  a tool  for  testing  and  evalu- 
ating a completed  prototype  system,  for  operator  training,  and  for  exercising  the  radar  as  an  element 
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In  a total  system,  all  being  accomplished  without  the  benefit  of  live  operating  time  on  targets  and 
clutter.  Such  a simulation  Is  useable  for  the  superposition  of  terrain  and  weather  clutter  on  true 
target  signals,  and  for  simulating  targets  under  actual  clutter  conditions.  A real-time  environment 
simulation  Is  able  to  produce  test  conditions  that  Include  the  entire  target  and  clutter  environment 
behavior;  thus,  a single  simulated  test  signal  Injected  Into  the  front  of  the  radar  will  properly 
exercise  all  radar  signal  processing  functions.  Including  MTI,  CFAR,  and  detection,  and  all  data  pro- 
cessing functions  Including  discrimination,  tracking,  data  handling,  and  display.  Operator  functions 
can  also  be  exercised. 

The  real-time  simulation  Involves  five  distinct  processing  operations: 

a)  Data  Base  Generation  - done  off-line  with  general- 

purpose  computer 

b)  Bulk  Data  Storage  and  Transfer  - via  magnetic  tape 

c)  On-Line  Processing  - with  a minicomputer 

d)  Signal  Generation  - with  special-purpose  digital 

hardware 

e)  Real-Time  Output  - D/A  conversion  and  analog 

processing 

The  realism  and  ultimate  credibility  of  the  simulation  depends  most  heavily  on  the  data  base  generation 
since  this  Is  where  the  target  trajectories,  RCS  data,  and  fluctuation,  and  the  clutter  spectral  and 
spaclal  characteristics  are  established.  The  cost  of  the  simulation,  on  the  other  hand.  Is  dominated 
by  the  real-time  signal  generation  and  output  functions  since  these  must  be  accomplished  with  special- 
purpose  hardware.  In  any  reasonable  case  of  target  and  clutter  density. 

3.  THE  RADAR  ENVIRONMENT  SIMULATOR  SYSTEM  (RESS) 

Figure  3 shows  a block  diagram  and  Figure  4 a photograph  of  the  real-time  Radar  Environment 
Simulator  System.  The  signal  generator  Is  comprised  of  separate  target  generation  and  clutter  genera- 
tion units.  Table  1 provides  the  performance  characteristics  of  the  RESS.  The  target  scenario,  which 
can  last  up  to  one  hour  depending  upon  Its  complexity.  Is  contained  on  the  magnetic  tape.  An  on-line 
minicomputer  Is  used  In  the  RESS  to  provide  a high  degree  of  operator  on-line  controllability.  Through 
teletype  entered  commands  during  Initialization,  the  operator  selects  ground  and  rain  clutter  spatial 
distributions,  spectral  shape,  bandwidth,  and  velocity  offset  from  several  models  that  have  been  pre- 
stored on  tape.  The  simulation  target  scenario  can  be  configured  on-line  as  desired  from  those  target 
flights  which  have  been  provided  In  the  pre-generated  scenario. 

To  date  over  10,000  hours  of  simulation  operating  time  have  been  accumulated  with  five  different 
radars.  The  characteristics  of  these  radars  cover  a wide  range,  but  all  radars  are  serviced  by  similar 
on-line  simulation  units  having  different  off-line  generated  data  bases.  The  radars  include  mechanical, 
phase,  and  frequency  one-dimension  scan,  and  phase-phase  and  phase-frequency  two-dimensional  scan 
antenna  types.  The  beamwldths,  sectors,  PRF's,  and  bandwldths  of  these  radars  vary  by  over  an  order  of 
magnitude.  Virtually  all  radar  bands  are  represented.  Signal  processing  types  Include  digital  pulse 
compression,  digital  MTI  cancelers,  and  Doppler  filter  banks.  Power  levels  vary  by  over  an  order  of 
magnitude.  Both  monopulse  and  sequential  loblng  tracking  are  represented.  The  radars  also  employ  com- 
puter processing  and  control  and  are  highly  Interactive  with  the  environment,  performing  search,  track, 
discrimination,  and  other  data  processing  functions. 


Table  1.  Typical  Characteristics  of  Real-Time 
Radar  Environment  Simulator  System 


TARGETS 

Number  of  Simultaneous  Targets 
Parameter  Quantization 

Parameter  Range 
CLUTTER 

Number  of  Range  Gates  per  Beam 
Dynamic  Range 
Spurious  Signals 


30  High-speed  plus 
100  Slow-speed 

.12  Mllllradlan  azimuth/elevation 

15  Meters  range 

.40  dB  RCS 

.90  m/s  Velocity 

t 60°  azimuth 
+ 30°  elevation 
270  km  range 
♦ 1000  m/s  velocity 
48  dB  dynamic  range 


128 
54  dB 
< -54  dB 
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4.  DATA-BASE  GENERATION 

The  data-base  generation  Is  the  basic  simulation  process  by  which  descriptions  of  the  target  and 
clutter  environment  are  provided  to  the  on-line  processing.  The  data-base  generation  Is  based  on  models 
for  the  target  and  clutter  environment  and  the  known  characteristics  of  the  radar.  It  Is  desirable  to 
spend  as  much  effort  In  preparing  the  data  base  as  possible  In  order  to  ease  the  burden  of  real-time 
computation.  However,  this  preparation  of  the  data  Is  limited  by  a lack  of  a priori  knowledge  of  the 
sequence  of  events  In  the  Interactive  radar.  In  addition,  the  amount  of  off-line  data  preparation  Is 
practically  limited  by  the  data  volume  and  transfer  speed  problem  between  the  off-line  and  on-line 
portions  of  the  simulation.  This  limitation  can  be  particularly  severe  In  the  generation  of  clutter 
signals. 


The  central  feature  of  being  able  to  use  a GP  computer  to  construct  the  data  base  Is  the  poten- 
tial to  use  realistic  models  and  actual  data  for  target  and  clutter  representation,  and  the  ability  to 
perform  a complex  manipulation  of  these. 

Figure  5 shows  the  block  diagram  of  the  general-purpose  computer  tape  data-base  generation.  The 
target  scenario  Is  combined  with  a trajectory  generator  and  radar  cross-section  data  (or  fluctuation 
model)  to  obtain  discrete  time  update  points  for  each  target  In  radar  coord1nates--range,  azimuth,  ele- 
vation, range  rate,  and  amplitude.  The  latter  Is  computed  as  a function  of  Instantaneous  aspect  angle. 

The  clutter  data--for  ground  and  rain--wh1ch  are  generated  for  the  taped  data  base  Include 
spatial  models  and  spectral  models.  The  former  Is  put  on  tape  as  a backscatter  coefficient  oQ  map 

which  has  non- homogeneities,  shadowing,  and  terrain  type  Included.  The  latter  Is  put  on  tape  as  samples 
of  a random  process  having  the  desired  spectral  shape  (see  6,  below).  These  samples  are  obtained  by 
performing  an  Inverse  Fast  Fourier  Transform  on  samples  of  the  desired  model  spectral  shape. 

Examples  of  models  which  have  been  used  In  the  data-base  generation  Include: 

Targets: 

Live  RCS  data  - table  look-up  and  transformation 
Chi  - Squared  fluctuation  models  (SWERLING,  P.,  1965) 

Log  - Normal  fluctuation  models  (HEIDBREDER,  G.  R.,  1967) 

Modified  point  mass  ballistic  trajectories 
Linear  trajectories 

Clutter: 


Log-Normal  Spatial  non-homogeneity  (GREENSTEIN,  L.  J.,  1969;  FISHBEIN,  W.  S.,  1967) 

Gaussian  and  f-cubed  (FISHBEIN,  W.  S.  1967)  spectral  shapes 

Velocity  offset 

Radar  angel  characteristics  (POLLON,  G.  E.,  1972;  KONRAD,  J.  G.,  1968) 

Finally,  as  Indicated  In  Figure  5,  basic  radar  data  such  as  antenna  patterns  are  stored  on  the 
data-base  tape. 

5.  TARGET  SIGNAL  GENERATION 

The  target  generator  computes  the  real-time  coherent  target  pulses  based  on  the  Instantaneous 
radar  transmlsson  parameters--beam  position  and  waveform— and  the  current  target  descriptor  parameters— 
range,  azimuth,  elevation,  range-rate,  and  amplitude— as  provided  by  the  tape  Inputs  and  modified  by  the 
preprocessor.  The  Interactivity  between  the  real-time  simulation  and  the  radar  takes  place  In  the  signal 
generator,  as  this  Is  the  prime  component  that  Is  responsive  to  the  Instantaneous  radar  transmission. 

The  structure  and  speed  of  the  entire  simulation  Is  based  largely  on  the  parameters  of  the  Interface 
between  the  simulation  and  the  radar,  since  they  determine  both  the  amount  of  off-line  computation  that 
can  be  performed  and  the  complexity  and  speed  on  the  on-line  signal  generator  operations. 

Figure  6 shows  the  block  diagram  of  the  Interactive  target  signal  computation.  It  operates  on 
a pulse-by-pulse  basis.  The  operations  Involved  are  the  computation  of  the  antenna  beam  pattern- 
including  monopulse  patterns— and  the  computation  of  the  target  phase.  The  former  depends  on  the  antenna 
beam  pointing  angle  and  the  latter  on  the  current  radar  frequency  and  time  of  pulse  transmission  (PRF). 
These  are  combined  with  the  Instantaneous  target  amplitude  to  produce  the  target  In-phase  and  quadrature 
components. 

In  all  cases  of  practical  Interest  with  a pulsed  radar,  the  signal  generator  response  to  the 
transmitted  waveform  Is  considered  to  be  a delayed  and  Doppler  shifted  replica  of  the  transmitted  wave- 
form applied  to  each  point  In  the  target  and  clutter  environment.  It  Is  assumed  that  the  Instantaneous 
waveform  bandwidth  Is  not  sufficiently  wide  to  result  In  either  spatial  beamshape  or  Doppler  smearing. 
Either  case  can  be  accommodated  in  principle,  but  It  greatly  complicates  the  simulation  Implementation. 

It  Is  convenient  to  separate  the  signal  generation  Into  the  computation  of  the  Initial  amplitude 
and  phase  of  a pulse  and  the  production  of  the  pulse  waveform.  The  former  operation  represents  the 
environment  response  to  an  Ideal  or  Infinitesimally  narrow  pulse  transmission  while  the  latter  applies 
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the  finite  resolution  and  coding  properties  of  the  transmitted  pulse.  The  Interactive  signal  generator 
operation  takes  place  on  a time  scale  corresponding  to  the  Interpulse  period  and  beam  dwell  time  while 
the  pulse  waveform  formation  occurs  on  a time  scale  that  corresponds  to  the  signal  bandwidth.  The  latter 
operation.  Including  pulse  coding  (If  any)  takes  place  In  the  output  waveform  generator,  which  also 
provides  the  precise  timing  and  superposition  of  the  Individual  target  outputs.  Finally,  the  real- 
time digital  data  Is  D/A  converted,  filtered,  and  Inserted  Into  the  radar  video  signal  stream  or  con- 
verted to  the  radar  Intermediate  frequency. 

6.  DISTRIBUTED  CLUTTER  SIGNAL  GENERATION 

The  clutter  signal  generation  Is  similarly  Interactive  with  the  radar  beam  position  and  trans- 
missions. Pseudo- Independent  range  samples  of  the  clutter  random  process  are  generated  at  the  radar 
signal -bandwidth  rate.  In  each  transmission  Interpulse  period.  At  each  range  gate,  successive  pulse 
returns  have  the  Doppler  spectrum  of  the  clutter  process,  but  the  magnitude  of  the  clutter  return 
varies  with  range,  azimuth  (and  elevation),  according  to  the  Input  clutter  spatial  distribution.  Ground 
and  rain  clutter  Doppler  spectra  are  superimposed.  In  the  RESS,  128  (pseudo-)  Independent  range  samples 
are  generated,  which  may  be  replicated  to  cover  any  portion  of  the  Interpulse  period. 

In  the  generation  of  the  clutter,  signal  spectral  purity  Is  highly  Important  If  the  simulation 
Is  to  be  used  on  an  MTI  radar  featuring  a high  degree  of  clutter  rejection.  This  presents  a central 
problem  In  the  simulation  In  which  the  basic  clutter  random  process  samples  are  generated  off-line, 
since  the  Instantaneous  radar  PRF  Is  not  a priori  known. 

Figure  7 Illustrates  the  sequence  of  signal  spectra  that  are  Involved.  The  original  desired 
clutter  signal,  having  an  RMS  bandwidth  0(.,  Is  sampled  In  the  off-line  generator  at  an  equivalent 

real-time  rate  of  fQ  and  these  samples  are  stored  on  the  tape,  having  the  spectrum  In  Figure  7b.  In 

the  on-line  clutter  generator  these  samples  are  used  to  produce  samples  at  the  radar  PRF,  by  means  of 
interpolation  between  the  two  nearest  stored  time  samples  corresponding  to  the  radar  pulse  time.  The 
spectrum  after  Interpolation  Is  shown  In  Figure  7c.  Finally,  Figure  7d  shows  the  clutter  spectrum  as 
seen  by  the  radar  after  resampling  at  the  PRF.  If 

fQ  f k PRF 

where  k Is  an  Integer,  then  the  Interpolation  residue  appears  as  a spurious  clutter  signal  to  the  radar 
which  falls  at  some  undesired  spectral  point  between  the  PRF  lines. 

The  magnitude  of  this  residue  r Is  approximately  given  by: 

2 

r * W sample  and  hold 

r • 3 (oc/f0)4  linear  Interpolation 

r * 15  (oc/f0)6  quadratic  Interpolation 


for  a Gausslan-shaped  spectrum  and  In  the  absence  of  a clutter  velocity  shift.  In  the  RESS,  linear 
Interpolation  is  used  with  a typical  fQ  * 2000  Hz  so  that  for  an  example  clutter  RMS  bandwidth  of  50  Hz 

the  residue  Is  down  by  -59  decibels. 

7.  CONCLUSION 

This  paper  has  described  the  Radar  Environment  Simulation  System  (RESS).  The  RESS  Is  a device 
which  marries  the  environment  generation  realism  of  a large-scale  general-purpose  off-line  data  processor 
with  the  Interactive  on-line  flexibility  of  a real-time  minicomputer-controlled  signal  generation  unit. 

The  utility  of  the  RESS  during  the  development  of  several  U.S.  radar  systems  has  been  discussed.  Finally, 
the  major  components  of  the  RESS,  including  some  of  the  basic  design  problems,  have  been  described. 
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Figure  2.  Real-Time  Environment  Signal  Simulation  for  System  Test 


Figure  3.  Block  Diagram  of  RESS  Real-Time  Radar  Signal  Simulation 


Figure  4.  Radar  Environment  Simulation  System  (On-Line  Components) 
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Figure  5.  Data  Base  Generation 


TARGET  PULSE 
I,  Q COMPONENTS 


TIME  DELAY 


Figure  6.  Interactive  Target  Signal  Computation 
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Frequency 


a)  Original  Clutter  Spectrum 


O ■ clutter  bandwidth  - RMS 
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f - sampling  rate 

PRF  - radar  pulse  repetition 
frequency 


c)  Interpolated  Clutter  Semple  Spectrum 


Figure  7.  Clutter  Spectrum  with  Sampling  Interpolation  and  Resampling 
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1)  Can  you  Indicate  the  limitations  on  target  density,  le  when  one  wants  to 
simulate  a raid  of  closely  spaced  aircraft?  What  Is  the  maximum  number  of  skin- 
echoes  the  RESS  can  produce  at  the  same  azimuth  position? 

2)  Is  It  possible  to  superimpose  a simulated  radar  signal  (target  aircraft)  on  a 
background  of  clutter  obtained  In  a live  radar  operation  mode? 

1)  A maximum  of  40  targets  may  be  output  at  a given  azimuth  position. 

2)  In  practice  all  combinations  are  used;  simulated  targets  with  real  background 
and  vice  versa. 

An  important  feature  of  modern  radars  is  the  use  of  coded  waveforms  In  transmission. 
How  does  the  simulator  take  account  of  the  radar  waveform? 

The  simulator  performs  signal  generation  In  two  steps.  First  Che  signal  response 
to  an  Ideal  radar  is  computed.  The  result  is  passed  to  a pulse  coder  which  gener- 
ates the  desired  coded  waveform.  Note  that  in  the  case  of  analog  compression 
techniques,  such  as  SAW  devices.  It  might  be  easier  to  Inject  the  simulator  signals 
after  compression  has  occurred,  after  the  A/D  converter. 

1)  If  the  clutter  spectrum  Is  modified  by  antenna  scanning.  Is  this  dealt  with  as 
part  of  the  data  base  or  In  the  real-time  signal  generation? 

2)  Is  there  a need  to  feed  the  radar  output  data  back  into  the  simulation  facility 
for  the  purpose  of  assessment? 

1)  The  clutter  spectrum  Is  modified  by  the  antenna  scan  during  the  real-time 
signal  generation. 

2)  Since  the  output  of  location  data  occurs  at  slow  data  rate.  It  Is  quite  easy  to 
compare  printout  of  locations  from  the  radar  to  the  actual  locations  used  In  gener- 
ating the  simulator  tape.  This  la  done  manually. 

Does  the  simulator  take  account  of  target  aerodynamic  motion,  eg  yaw  oscillations 
etc? 

The  targets  presently  simulated  are  cannon  and  mortar  projectiles.  These  are  not 
simulated  with  yaw  oscillations,  although  out-of-plane  drift  effects  are  Included. 

Note  that  the  effects  of  target  motion  are  computed  In  the  large  scale  CP  computer. 
Thus  the  required  motion  may  be  Introduced  to  the  required  level  of  detail  quite 
easily. 

It  could  be  a good  Idea  to  have  Kalman  filtering  simulation  In  your  simulator  to 
check  Kalman  filter  operation  itself  during  tracking  mode. 

The  simulator  would  more  likely  be  used  to  provide  realistic  data  to  a radar  under 
test  which  contained  a Kalman  filter.  Thus  the  operation  of  the  filter  within  the 
radar  could  be  checked. 

))  How  fine  Is  the  time  base? 

2)  Can  you  accommodate  prf  stagger? 

3)  Can  Jamlng  be  simulated? 

1)  The  time  base  la  10  MHz. 

2)  PRF  stagger  can  be  accommodated. 

3)  Any  type  of  point  target  (le  a deception  jammer)  or  distributed  target  (ie  chaff, 
barrage)  can  be  simulated. 
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This  paper  reconsiders  the  target  detection  problem  taking  into  account  the  polarization  state  of  the 
target  backscattered  and  interference  fields,  and  deals  with  radar  object  backscattering  in  terms  of  its 
scattering  matrix.  As  the  polarization  state  of  an  electromagnetic  wave  is  a carrier  of  information,  its 
employment  may  result  in  an  improved  target  detection  capability  of  the  radar  system  both  in  natural  and 
man-made  interference  environments.  The  study  is  concerned  with  adaptive  suppression  of  unwanted  signals 
by  means  of  proper  matching  of  the  antenna  polarizations  at  transmit  and  receive,  and  with  consequent 
improvement  in  average  target  signal  power  to  average  unwanted  signal  power  ratio  at  the  input  of  the 
detection  receiver.  As  the  adaptive  schemes  require  significant  digital  processing,  it  is  advisable  to 
study  the  applicability  in  particular  in  those  areas,  where  a limited  number  of  radar  cells  need  to  be 
treated  simultansously , e.g.  in  tracking  radars. 

1.  INTRODUCTION 

In  most  radar  systems  the  target  is  usually  regarded  as  a point  source  of  return  scattering  and  the 
backscattered  wave  at  receive  is  processed  by  first  converting  to  a scalar  quantity.  This  scalar  approach 
limits  the  information  content  which  inherently  is  contained  in  the  target  return  signal  to  cross-section 
and  doppler-shif t . The  fact  that  the  backscattered  wave  is  depolarized  due  to  the  extension  of  the  target 
is  not  exploited  since  the  polarization  vector  is  lost  in  the  process.  Most  of  nowadays  operational  radar 
systems  employ  circular  polarization  for  rain  clutter  suppression.  This  is  the  only  example  of  the 
utilization  of  the  depolarization  effect  for  improving  the  average  wanted  signal  power  to  average  unwanted 
signal  power  ratio  at  the  input  to  the  receiver.  This  improvement  is  based  on  the  experience  that  unlike 
aircraft  targets,  the  specular  reflections  for  a rain  cloud  far  dominate  the  non-specular  reflections. 
Nevertheless  at  receive  the  backscattered  waves  are  still  converted  to  scalar  quantities.  A consequence 
of  this  approach  is  an  observed  loss  of  3 to  6 dB  in  target  detectability  in  rain  clutter  free  sectors, 
since  practice  shows  that  for  aircraft  targets  the  specular  reflections  are  of  the  same  order  as  the  non- 
specular  reflections. 

The  vector  approach  on  the  other  hand  takes  into  account  the  polarization  state  of  the  transmitted  wave  and 
backscattered  wave.  It  deals  with  target  reflection  in  terms  of  its  scattering  matrix,  which  may  be 
considered  as  a generalization  of  the  radar  cross-section  type  of  observable.  The  motivation  for  studying 
the  vector  approach  in  target  detection  is,  that  improvements  are  expected  in  target  detection  performance 
in  a clutter  and  interference  environment.  This  would  result  from  maximum  suppression  of  the  unwanted 
signals  by  means  of  proper  adaptation  of  the  antenna  polarizations  at  transmit  and  receive.  As  a matter 
of  fact  any  polarization  vector  state  of  a plane  e.m.  wave  can  be  decomposed  into  two  arbitrary  orthogonal 
polarization  vectors.  Drawing  full  benefit  of  the  vector  approach  for  unwanted  signal  suppression  requires 
two  special  features  of  the  radar  sensor: 

- a transmission  mode,  such  that  orthogonally-polarized  electro-magnetic  pulses  can 
alternately  be  radiated; 

- orthogonally-polarized  receive  antennas  and  channels. 

2.  MATHEMATICAL  DESCRIPTION  OF  POLARIZED  WAVES  AND  ANTENNAS 
2.1 General  expressions  for  polarized  waves  and  antennas 

The  mathematical  description  presented  in  this  section  is  net  new  (HUYNEN,  J.R.,  1970),  but  is  is  necessary 
to  go  back  to  the  basic  theory  in  order  to  have  a better  grasp  of  the  problem.  In  a cartesian  right- 
handed  x-y-z  coordinate  system,  a time  harmonic  elliptically-polarized  plane  wave  can  be  described  by  a 
complex  electric  field  vector  (E)  which  decomposes  into  the  electric  field  components,  Ey  and  Ex  as  follows 

Ey  1 [ lEyl  exP<^y) 

E = = (1) 

E |E  | exp(j«  ) 


The  same  expression  may  be  used  to  characterize  the  transmit  antenna  (hf)  and  the  orthogonally-polarized 
receive  antennas  (h^  and  hg^).  Normalized  representations  with  the  absolute  phase  discounted  are: 


cos(eT) 


sin(eT)exp(  j«T)J 


cos(eR) 


sin(eR)exp(  j«R)J 


sin(cR)exp(-j«R) 


-cos(eR) 


with  h^.h^.  “ “ h. 


< « 1.  and  Vh? 
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Here  S (-180°  < 4 180°)  represents  the  phase  difference  between  the  x and  y (vertically-  and  horizontally- 

polarized)  field  components  and  t (0 0 j t < 90°)  defines  the  ratio  of  the  amplitudes  of  these  components. 

If  -180°  < J < 0°,  the  sense  of  elliptical  polarization  is  left-handed  and  if  0°  < 4 _<  180°  it  is  called 
right-handed. 

When  one  is  only  Interested  in  amplitudes  or  powers  the  absolute  phase  is  not  a relevant  parameter.  A 
convenient  representation  then  of  an  elliptically  polarized  plane  electromagnetic  wave  and  transmit  and 
receive  antennas  is  the  "Stokes  vector".  The  Stokes  vector  of  an  electromagnetic  plane  wave  is  related 
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to  the  electric  field  components  (1)  as  follows: 

|Eyi2  ♦ ig2 

21  (E*E  ) 
m y x 

ig2  - ig2 

2R  (E*E  ) 
e y x 
l 

^,2^2 


h(E)  = 


L h3  J 


(h0,tVh2*h3) 


(3) 


where  hQ  = [h1+h2+h3]  is  the  total  power  per  unit  area  contained  in  the  wave. 

furthermore,  the  expression  for  the  power  received  (P),  upon  transmission  between  two  antennas,  h and 
hj,  is  of  importance.  Using  the  notation  f for  the  Stokes  parameters  of  antenna  h^  and  g for  antenna  h2, 
we  have 


p(h1.h2)  = i <f0Vflgl+f2g2‘f3g3>* 


(4) 


where  the  minus  sign  is  due  to  a transformation  of  coordinates  of  antennas  h^  and  h^  facing  each  other, 
instead  of  being  aligned  in  the  same  (2)  direction.  We  shall  henceforth  include  this  minus  sign  in  f_  or 
gj.  Further  the  relation  corresponding  to  E.E*  “ 0 and  h.hg  - 0 for  orthogonally  polarized  waves  and 
antennas  in  terms  of  Stokes  vectors  is  given  by. 


g-gj.  = 0 (Sa) 

or  in  other  words, 

if  g = (g0.g1.g2.g3)  then  gA  = gi(80 »'8i*"82 ,-g3 ) . (5b) 

where  GA  is  a real  quantity  that  can  have  any  value. 

2 ■ 2 Fixed  objects 

In  the  x-y-z  reference  frame  adopted  , the  backscattered  properties  of  a fixed,  non  time-varying  radai 
object  are  completely  described  by  its  scattering  matrix  (T).  When  the  law  of  reciprocity  holds  T can 
be  written  as 


T = 

1"  *yy 
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yy  yy 

a exp(ja  ) 
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the  matrix  elements  being  a function  of  radar  wavelength  , object  orientation  angle  and  aspect  angle. 
Here  the  matrix  T is  defined  in  terms  of  horizontal  (y)  and  vertical  (x)  polarization.  It  follows  from 
(6)  that  ignoring  the  absolute  phase,  T is  determined  by  five  parameters,  viz.  three  amplitude  factors 
and  two  phase  factors.  Once  T is  known,  the  backscattered  return  from  the  object  is  known  for  any 
combination  of  polarized  antennas  and  h^. 


The  complex  electric  field  vector  of  the  backscattered  wave  (E_)  is  given  by. 


E = 


1 .* 


Th^, , 


and  the  received  voltages  at  the  antenna  terminals  of  hp  and  h^  are  determined  by  respectively 
vd  = -h„  = TT^-hp,  and  vD  = E_.h„  = Th„.h, 


— T'^-R. 


(7) 


(8) 


In  case  h^.-hR=h , it  follows  from  (8)  that  h may  be  chosen  such  that 

Th  = ch*  (9) 

~ “1 

and  consequently 

v = 0 and  v s c|h  |2  (10) 

X “ 1 

It  has  been  proved  that  (9)  results  in  two  solutions  for  h,  which  are  called  the  characteristic  "null- 
polarizations"  of  the  radar  object.  It  follows  from  (6),  (7),  and  (8),  that  the  matrix  T can  be 
completely  determined  by  the  measurements  of  |vR|,  |vRJ  ,and  vRvR*  with  horizontally-  and  vertically- 
polarized  receiving  channels  (thus  absolute  phase  of  T excluded),  for  horizontally-  and  vertically- 
polarized  object  illuminations  (HUYNEN,  J.R.,  1965).  Further  the  total  backscattered  power  and  the 
received  powers  are  given  by. 


Ps  = E,.^  * (ThT>.m/, 

•nd  PR  * |vR|2  = (TVV(ThT.h)()\  PRi  = |vRJ2  : OVV(T!VV*  (11) 

Alternatively  one  can  formulate  expressions  for  PR  and  PR^  as  follows 

PR  * M f(hT).g(hR)  = hfE^.gfhp),  P^  * M f(hT).gA(hR^)  s ME^J.g^h,,  >,  (12) 

where  f,  g,  and  h are  Stokes  vectors,  as  defined  in  (3),  and  M is  the  so-called  Stokes  reflection  matrix 

of  the  object. 
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The  factor  one-half,  see  (4)  is  included  in  M.  The  object  is  now  represented  by  the  4x4  Stokes 
reflection  matrix  M instead  of  the  2x2  matrix  T.  M will  be  written  in  the  following  form 


M 


<vv 
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<-vv 
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C 
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<VB) 


H 

D 

E 

(VB). 


(13) 


for  a given  radar  frequency,  object  orientation  angle  and  aspect  angle.  It  is  noted  that  ignoring  the 
absolute  phase  of  T,  there  is  a one-to-one  correspondence  between  the  matrix  T and  matrix  M representations 
of  fixed  radar  objects  ((11)  and  (12)).  Consequently  the  nine  parameters  of  M in  (13)  can  not  be  independent; 
these  nine  parameters  are  uniquely  determined  by  the  five  parameters  of  ?. 


2. 3 Time  varying  objects  and  fields 

When  the  radar  object  is  time-varying,  a time-varying  elliptically-polarized  backscattered  wave  is  observed 
with  complex  electric  field  components  E^t)  and  Ey(t).  In  this  paper  the  time  variations  of  the  back- 
scattered  wave  or  interference  wave  are  attributed'to  random  processes  in  which  the  absolute  phases  of  the 
components  £y(t)  and  E y(t)  are  uniformly  distributed  and  independent  of  the  moduli;  consequently  <Ex(t)> 
and  <Ey(t)>  are  zero  (the  angular  brackets  represent  time  averages).  It  is  then  customary  to  define  a 
time-varying  partially-polarized  plane  wave  in  terms  of  the  coherency  matrix  or  the  average  Stokes  vector 
of  the  complex  field  components  E„(t)  and  E„(t),  which  both  are  second-moment  characterizations.  In  this 
paper  the  average  Stokes  vector  representation  will  be  used.  It  follows  (3), 


where 


h{<E(t)>)  = 

2 2 2 
h0  i hl  ♦ h2  ♦ 


<|Eyl2>  + <|ex|2> 

2 < Im(E*  E )> 
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(14) 


Here  the  equal  sign  holds  when  the  wave  is  completely  polarized,  and  the  wave  is  completely  unpolarized 
or  randomly  polarized  if  hj  = h^  = hj  = 0. 


A decomposition  theorem  states,  that  any  partially  polarized  wave  may  be  regarded  as  the  sum  of  a 
completely  polarized  wave  and  a completely  unpolarized  wave,  which  are  mutually  independent;  this 
representation  is  unique.  (BORN,  M.,  and  WOLF,  E.,  1965).  In  terms  of  average  Stokes  vectors  (14) 

h{<E(t)>)  = (fig.^.hj.hj)  + (h0-h0,0,0,0)  (15) 

• 2 2 2 i 

where  hQ  = (h  thj+hj)'  is  the  power  contained  in  the  completely  polarized  portion  and  ( hQ-h0 ) the  power 
in  the  completely  unpolarized  portion.  The  ratio  of  the  power  contained  in  the  completely  polarized 
portion  to  the  total  average  power  is  called  "DEGREE  OF  POLARIZATION",  p,  of  the  wave  (BORN,  M.,  and 
WOLF,  E.,  1965) 


P 


hQ  _ (h^h^)* 


0 <p  <1. 


(16) 


It  follows  from  (4)  and  (5),  that  the  normalized  receive  antenna  polarization  producing  a minimum  average 
response,  <PR>min«  to  the  incoming  field  (15),  is  given  by 


g(hfl)  - - {It  “h^/hg.-hj/hg.-hj/hg). 


(17) 
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and  the  normalized  orthogonal  receive  antenna  polarization  then  yields  <PRl> 

In  terms  of  hQ  and  p, 

<PR>minI ih  < *!<  t )>  > . g<  h,, ) = lhQ(  1-p ) ; <PR>max=  Jh  { <E(  t )> ) . gx  ( h^  )=ihQ(  1+p ) ( 18 ) 

The  parameter  p plays  an  important  role  in  the  suppression  of  unwanted  signals  through  adaptation  of  the 
antenna  polarizations. 

In  case  of  radar  scattering  from  moving  objects,  time-averaged  measured  powers  are  used  to  characterize 
its  reflective  properties.  The  average  power  is  obtained  from  (12): 

<PR>  = <M>f(hT).g(hR),  and  <PR>  = <M>f(hT).gx(hR  ),  (19) 

where  the  averaging  is  applied  to  all  matrix  elements  of  the  Stokes  reflection  matrix  (13). 

It  is  noted  that  the  degree  of  polarization  of  the  backscattered  wave  <M>f(hT)  depends  on  the  antenna 
polarization  at  transmit  (POELMAN,  A. J . ,1975/2 ).  The  average  Stokes  reflection  matrix,  R=<M>  now  is 
determined  by  9 independent  parameters,  while  as  we  have  seen  before, the  scattering  matrix  of  a fixed 
object  is  determined  by  5 parameters  (absolute  phase  excluded).  Consequently,  the  class  of  averaged 
time-varying  objects  is  larger  than  of  that  of  fixed  objects.  It  has  been  proved,  that  the  average 
return  from  a time-varying  object  R=<H>  may  be  decomposed  into  a component  due  to  an  average  fixed  object 


M and  a component  N,  which  arises  from  changes  from  the  average  fixed  object  and  thus  will  have  a noisy 
behaviour. 

In  analogy  with  (9)  and  (10),  h-ph^h  in  (19)  may  be  chosen  such,  that  <Pr>  = <I>R>lI1in•  Also  here  there 
exists  in  general  two  solutions  for  ti  (POELMAN,  A.J.,  and  van  der  VOORT,  J.P.,  1977),  which  might  be 
called  the  object  "average  minimum  polarizations". 

The  elements  of  R^<M>  of  a radar  object  can  be  estimated  , by  means  of  alternate  transmission  of  N 
orthogonally-polarized  pulses  (e.g.  horizontal  and  vertical  polarization)  and  reception  of  the  returns 
in  orthogonally-polarized  channels.  The  9 estimates  (6) 

‘It  |^>,<|t  |2>,<|t  |^>,<t  t*  >,<t  t*  >,<t  t*  >, 

1 yy1  1 xx'  1 yx'  yy  xx  yy  yx  xx  yx 

then  determine  R=<M>. 

Equation  (19)  may  be  worked  out  for  different  cases  of  radar  transmission  and  reception.  Of  particular 
interest  is  transmission  of  circularly-polarized  (CP)  waves  and  separate  right-circular  (RC)  and 
left-circular  (LC)  reception.  It  follows  for  the  average  received  powers, 

<PR  ( RC-RC )>  = 2( Bq+F) , <PR  ( LC-LC )>  = 2(B0-F),  (20) 


<PD  ( RC-  LC ) > 


<PR  (LC-RC)>  = 2Aq , where  Aq,  Bq,  and  E represent  averaged  quantities. 


For  objects  which  are  symmetric  on  the  average,  F = 0.  In  that  case  same-sensed  CP  antennas  measure  B^, 
which  we  associate  with  total  average  power  of  the  irregular  depolarizing  components  of  the  object 
scattering,  while  opposite-sensed  CP  antennas  measure  Afl,  which  we  associate  with  regular  non-depolarized 
scattering  (HUYNEN,  J.R.,  1970).  The  parameters  A^,  B^,  and  F are  orientation  independent! 

Therefore  it  is  concluded  that  the  RC  and  LC  polarizations  are  the  logical  antenna  polarizations  to  be 
used  for  the  estimation  of  object  Stokes  reflection  matrices,  since  then  immediately  information  is 
obtained  concerning  the  regular  and  irregular  scattering  properties  of  the  object. 

SUPPRESSION  OF  NATURAL  AND  HAN-MADE  INTERFERENCE  BY  MEANS  OF  ADAPTIVE  ANTENNA  POLARIZATIONS 


3 . 1 General 

Die  method  presented  in  this  section  is  grounded  on  adaptive  suppression  of  the  completely  polarized 
portion  of  the  interference  field.  Consequently  the  degree  of  polarization  p (16)  of  this  field  determines 
the  suppression  factor  achievable.  However,  if  the  antenna  polarization  was  adapted  for  optimum  suppression 
of  unwanted  signals  alone,  this  may  also  result  in  a reduced  target  signal  strength.  As  the  objective 
is  the  improvement  of  the  average  wanted  signal  power  to  average  unwanted  signal  power  ratio  (as 
compared  to  the  linear  polarization  case),  large  suppression  factors  may  not  necessary  lead  to  considerable 
improvement  factors . 

In  case  of  active  noise  interference  the  average  Stokes  vector  of  the  interference  field  must  be 
estimated.  It  is  necessary  in  this  case  to  sample  over  a window  of  M range  rings. 

In  case  of  clutter,  the  suppression  method  requires  estimation  by  measurement  of  the  average  Stokes 
reflection  matrix  (SRM)  (13)  of  the  clutter  cells.  Therefore,  the  radar  system  radiates  alternately 
right-sensed  and  left-sensed  circularly-polarized  waves  (RC  and  LC)  and  receives  the  signals  with 
orthogonally-polarized  (RC-LC)  channels. 

Distinction  can  be  made  between  extended  clutter  with  very  different  polarization  properties  of  the 
different  cells  (e.g.  ground  clutter)  and  extended  clutter,  where  the  different  cells  exhibit  nearly 
identical  average  SRMs  at  least  in  range  and  thus  have  a high  degree  of  "polarization  correlation" 

(e.g.  sea  clutter,  weather  clutter,  and  chaff  clutter).  In  the  latter  case,  it  is  obvious  to  use  a 
window  of  M range  rings  in  order  to  estimate  the  average  SRM. 

Since  there  appear  to  be  no  measured  polarization  dependent  target  and  clutter  models, the  limitations 
of  the  adaptive  suppression  method  will  be  examined  with  the  aid  of  simple  radar  object  models. 

Noise  interference  suppression 


A promising  suppression  method  follows  from  observing  (15)  through  (18)  and  consists  of  proper  adaptation 
of  g(hR)  after  having  estimated  h(<E(t)>). 

Principle  of  operation. 

Step  1 - Continuous  measurement  in  a (running)  window  of  the  interference  signals  in  RC  and  LC 

receiver  channels,  v^  and  v^  such  that 
ij  ij 


*ij  = "lij  ^ + V2ij  *LC 


i = range  cell  number 
j - sweep  number 


- Calculation  of  instantaneous  Stokes  vectors,  h^  (v^.)  r ( hQ  ,h3  ,h?  ,h3 ) . . , see  (3). 

Step  2 - Estimation  of  average  Stokes  vector  of  the  interference  field  in  the  window  (14) 

and  decomposition  (15)  into  a completely  unpolarized  field  and  a completely  polarized  field 

H = (H0-H0, 0,0,0)  + {H0,H1,H2,H3> 

Step  3 - Decomposition  of  H into  orthogonal  Stokes  vectors,  see  (5)  and  (17), 


H = H:tH2  = J<H0-H0)(l.-H1/H0,-H2/H0,-H3/H0)tJ(H0tH0)(l.H1/H0,H2/H0,H3/H0) 

where  now  (-H, /H„ ,-H./H. ,-H,/H„ ) determines  the  required  adaptive  antenna  polarization  h_  (3),  so  that  (18) 
10  * 0 JO  K 
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<PR>  1 <pR>mi„  = *(H-V 

Step  4 - Processing  of  the  measured  data  of  each  range  ring  in  the  window  separately  through  the 

established  polarization  filter,  such  that  will  be  transformed  to  a new  set  of  polarization  vectors. 

M «na  “ V,..; 

"ij 


iij  : ;1I4  h ♦ Hr,  • Hhere  *i„  and  *2I4  = Zij-lS4 


‘ii 


Step  5 - Processing  of  v for  target  detection. 

ij 

The  limit  of  the  suppression  capability  is  determined  by  the  degree  of  polarization  p of  the  interference 
field.  As  an  example  it  follows  from  (18): 


p = 0.75(0.90);  maximum  suppression  <P  > . /<P  > i 8.5  dB  (12.8  dB). 

K min  R max 

Taking  into  account  that  there  may  be  a loss  in  target  signal  strength  as  compared  with  horizontal 
polarization  in  the  order  to  3 to  6 dB,  it  is  concluded  that  such  an  adaptive  suppression  scheme  is  only 
meaningful  in  case  of  nearly,  say  at  least,  75%  fixed-polarization  noise  interference. 


3.3  Clutter  interference  suppression 

3.3.1  Inhomogeneous  clutter 

When  the  average  SRMs  of  the  clutter  cells  are  completely  different,  like  often  is  the  case  with  ground 
clutter,  the  suppression  method  consists  of  the  estimation  of  the  average  SRM  of  each  clutter  cell 
individually  (repeated  measurements)  and  consequent  estimation  of  polarization  filters,  for  average 
minimum  clutter  signal  power  reception.  If  the  clutter  backscattering  characteristics  are  only  slowly 
varying  with  time,  near  optimum  suppression  can  be  expected  by  adaptation  of  h^,  = • 

Principle  of  operation.  Adaption  of  h_  = h_. 

—K  — T 

Step  1 - Continuous  measurement  (repeated  observations)  of  the  received  signals  from  each  clutter 

cell  in  RC  and  LC  channels , such  that 


v^RC)  = vx  (RC-RC)  h^,  * v2  (RC-LC)  h^,  and  v^LC)  = V;L  (LC-RC)  h^  + v?  (LC-LC)  h^, 

- Calculation  of  the  instantaneous  SRM,  M.,  see  (13) 

Step  2 - Estimation  of  the  average  SRM,  R = <M,>  of  each  clutter  cell  and  determination  of  the 

antenna  polarizations  h^,  = h^  = h,  such  that  the  average  received  power  (19) 

Rf  ( fiT ) . g(liR ) is  a minimum 

Step  3 - Processing  of  the  instantaneous  measured  data  of  each  cell,  transformed  into  the  scattering 

matrix  T.  or  the  SRM(M. ) with  the  established  antenna  polarizations  f(hTrh)  and  g(hp=h ) : 

"i  * Ti  — T*— R °r  PRi  * 

Step  4 - Processing  of  v,  or  P„  of  each  cell  for  target  detection. 

i Rt 

Figure  1 presents  the  simple  fixed  radar  object  models  considered  in  this  study.  In  Fig.  2 graphs  are 
presented,  showing  the  suppression  of  the  returns  from  simple  fixed  target  models  (relative  to  horizontal 
polarization,  HP)  when  the  antenna  polarizations  ft  =1^=11  are  adapted  such  that  the  returns  from  the  fixed 
background  model  are  fully  suppressed.  ~ 

The  graphs  indicate  that  the  greater  the  difference  in  regularity  of  target  and  background  the  larger  is 
the  improvement  factor.  The  influence  of  the  relative  orientation  of  target  and  background  becomes  more 
significant  as  they  both  behave  more  irregular. 

3.3.2  Homogeneous  clutter 

When  the  extended  clutter  exhibits  nearly  identical  average  SRMs  (homogeneous  clutter),  e.g.  in  range, 
like  sea-,  weather-,  and  chaff-clutter,  a window  can  be  used  for  the  estimation  of  R = <M>.  Further  the 
same  principle  of  operation  can  be  applied  as  outlined  in  3.3.1,  which  the  exception  that  now  the 
measured  range  ring  data  transformed  into  the  SM(T)  or  the  SRM  (M)  will  be  processed  with  the  established 

antenna  polarizations  f(hT=h)  and  g(fu>=h). 

/ —i  — —x 

In  case  of  homogeneous  time-varying  clutter,  the  optimum  suppression  method  results  from  separate 
adaptation  of  the  antenna  polarizations  at  transmit  and  receive;  f(h_)  to  be  adapted  for  average  minimum 
power  in  the  completely  unpolarized  portion  of  the  backscattered  field  and  g( h^ ) to  be  adapted  for 
average  minimum  signal  power  reception  (POELMAN,  A.J.,  1975/2). 

Principle  of  operation.  Adaptation  of  / hj. 

Step  1 - As  in  sub-section  3.3.1. 

Step  2 - Estimation  of  the  average  SRM,  R = <M . ^ > in  the  window. 

- Determination  of  the  antenna  polarization  f ( h^j. ) such  that  Hq-Hq  in 

Rf (h^.)  s (H0-H0,0,0,0)  ♦ {i^.H^Hj.Hj} 

see  (15)  and  (19),  is  a minimum 


T 


i mrfttiJ 


I 

I 


I 

i 
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Step  3 


Step  4 


- Determination  of  g(hp)  such  that  Rf(hT>.g(hR)  is  a minimum 

- Processing  of  the  measured  data  of  each  range  ring  in  the  window,  transformed  into  the 
SM(T„)  or  SRM(M„),  separately  with  the  established  antenna  polarizations  f(hT>  and  g(h^) 

*ij  = Tij  — T’^R  °r  P» 


Processing  of  v. 


ij 

or  P, 


= M.  . f(h,T>.g%> 


R.  . 
*3 


for  target  detection. 


In  order  to  obtain  an  indication  of  the  effectiveness  of  the  suppression  method  in  case  of  time-varying 
clutter,  a normalized  polarization  dependent  statistical  model  of  a random  dipole  cloud  (POELMAN,  A.J. 
and  van  der  V00RT,  J.R.,  1972)  has  been  studied.  This  modei  assumes  that  the  space  angle  describing  the 
probability  space  of  dipole  axis  direction  (uniformly  distributed),  is  identical  for  all  dipoles  and  is 
determined  by  0 _<  * < e and  9q  .1  ® (fig-  3)-  The  polar  angle  6<j  is  the  dipole  cloud  parameter. 


Figure  4 presents  graphs,  of  the  dipole  cloud  signal  power  suppression  relative  to  horizontal  polarization. 
It  clearly  shows  that  independent  adaptation  of  ffh^)  and  g(h^ ) results  in  maximum  suppression. 

The  graphs  in  Figs.  5 and  6 show  the  improvement  in  average  target  signal  power  to  average  dipole  cloud 
signal  power  ratio  relative  to  horizontal  polarization,  obtainable  with  adaptive  antenna  polarizations 
h^h^  and  £_*hg,.  There  again  the  simple  target  models  of  Fig.  1 are  considered;  (i)  fixed  horizontally 
oriented  and  (li)  with  the  orientation  uniformly  distributed  over  an  angle  of  ^ 30°  to  the  horizontal. 

The  results  indicate  that  the  more  the  background  tends  to  exhibit  a fixed  object  behaviour  (increasing 
6o»  see  Fig.  3)  and  the  greater  the  average  background  and  the  average  or  fixed  target  differ  in  degree 
of  regularity,  the  larger  the  improvement  factor.  In  the  latter  case  adaptation  of  tu-^hp  is  most  promising, 
however,  when  the  average  background  and  the  average  or  fixed  target  exhibit  regularity  of  the  same  degree 
adaptation  of  h-p-hj^  will  be  more  successful. 


3 ■ 4 Conclusions 

Adaptive  polarization  in  a radar  system  permits  to  obtain  marked  improvements  in  average  wanted  signal 
power  to  average  unwanted  signal  power  ratio  in  the  individual  radar  cells,  as  shown  by  the  examples. 
The  less  the  background  SRM  elements  vary  with  time  relative  to  the  data  rate,  i.e.  the  more  the 
background  tends  to  exhibit  a fixed  object  behaviour,  the  larger  the  improvement  factors  will  be. 
Cheprocedure  is  to  adapt  the  antenna  transmit  and  receive  polarizations  identically  (h.-phR).  which 
yields  promising  results  when  average  background  and  average  target  behave  regular  to  the  same  extend. 
The  alternative  procedure  is  to  adapt  the  antenna  transmit  and  receive  polarizations  independently 
(h^h*)’  which  will  be  successful  if  average  background  and  average  target  show  an  entirely  different 
degree  of  regularity. 

As  the  adaptive  schemes  require  significant  digital  processing,  one  should  concentrate  on  the 
applicability  in  those  areas,  where  a limited  number  of  radar  cells  need  to  be  treated  simultaneously, 
e.g.  in  tracking  radars. 


4.  THE  DETECTION  STRATEGY  IN  CLEAR  AND  QUIET  SECTORS 


4 ■ 1 Target  model  and  detection  scheme 

Dual  polarized  (RC-LC)  antennas  for  transmission  and  reception  are  considered,  where  the  transmission 
mode  is  characterized  by  the  alternative  radiation  of  RC  and  LC  pulses.  It  is  furthei  assumed  that  narrow- 
band  additive  Gaussian  (thermal)  noise  of  equal  average  power  (a2)  is  present  in  the  orthogonally- 
polarized  (RC  and  LC)  receiving  channels,  with  the  noise  variates  mutually  independent. 

The  existing  statistical  target  models,  like  the  well-known  Swerling models  (SWERLING,  P.,  1960),  do  not 
explicitly  account  for  the  dependence  on  polarization.  It  seems  that  such  improved  statistical  target 
models  are  not  available.  In  this  paper  a simple  statistical  target  model  is  considered  which  assumes 
that  due  to  the  interact  on  of  the  illuminated  wave  and  the  radar  target,  the  backscattered  wave  will  be 
depolarized.  The  backscattered  wave  will  consist  of  a component  due  to  the  "average  effective  target"  and 
a "target-noise"  component  due  to  changes  from  the  average  effective  target. 


T(t)  = a(t)  Tq  * T^t) 

Here  we  assume  that  the  average  effective  target  is  a horizontally  oriented  cylinder,  whilst  the  noise 
component  is  due  to  scattering  from  a sphere  and  an  oriented  di-plane. 


T0 

T 

Ni 

T 

N2 

T(t)  = a(t) 

1 0 

0 X 

♦ b(t) 

1 0 
0 1 

t c(t) 

0 1 
1 0 
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where  a,  b,  c are  independent  zero  mean  Gaussian  random  variables  with  for  the  noise  component  the 
additional  condition 


|b|‘ 


I |2  2 

1=1  - °N 


This  model  may  be  considered  as  n extension  of  Swerling  model  I/II  (target  scintillation),  where  T . (t) 

is  applicable  for  circular  polarisations;  b(t)  TN  generates  a random  orthogonally-polarized  and  no  se 
c(t)  a random  parallel-polarized  component.  ^ 

With  normalized  antenna  polarizations,  the  average  received  powers,  based  on  (8),  (11),  (12),  and  (19), 
will  be 

P = P (RC-RC)  = P (LC-LC)  s 4(1-X)2  | a | 2 + |c|2  = o2  + o2  = o2 


and 

PR  = PR  (RC-LC)  = PR^  (LC-RC)  = 1<1+X)2  |?|2  + |b  | 2 = o2  + o2  = oR^ 
The  correlation  factor  between  the  received  signals  in  both  channels  is  expressed  by 


(PR,.-PR,) 


” II  "1 

(Co2  +o2)(o2  +o2)}^ 
e „ N ei  N 


The  signal  received  in  each  channel  consists  of  an  incoherent  pulse  train  (N  pulses)  of  constant  amplitude. 
Furthermore  the  coherency  between  the  simultaneously  received  signals  in  the  channels  is  not  utilized. 

The  detection  scheme  being  analyzed  applies  square-law  detection  after  matched  filtering  in  each  channel, 
integration  and  a threshold  after  linear  addition  of  videos  (Fig.  7).  It  represents  the  optimum  incoherent 
detection  scheme  for  low  average  signal  power  to  average  noise  power  ratios,  when  the  average  received 
powers  in  both  channels  are  identical  (DIFRANCO,  J.V.,  and  RUBIN,  W.L.,  1968).  Weighting  is  not  applied, 
as  in  general  the  ratio  of  average  received  powers  in  the  channels  is  a priori  unknown. 

Two  extreme  cases  will  be  treated: 

Case  I-i:  Channel  signals  v and  v completely  uncorrelated i 

x „ ka 

2 2 2 
p = 0 and  consequently  o„  = o = o„. 

K n N 


Case  I-c:  Channel  signals  v and  v completely  correlate d: 

K II  ka 

2 2 2 2 

p ~ 1 and  consequently  oD  -a  and  o_  -a 

K „ e „ ka  eA 

Study  parameter  is:  F = o2  /o2  = ( ltl  )2/( 1-X  )2 

ei  e n 

4.2 Derivation  of  formulas  for  probability  of  false  alarm  and  probability  of  detection 

If  N denotes  the  number  of  noise  variates  integrated  per  channel,  and  Yg  denotes  the  threshold  level 
normalized  with  respect  to  the  average  channel  noise  power,  the  probability  of  false  alarm  Pga  is  given  by 
(MARCUM,  J.I.,  1960), 

Pfa  = 1 - I(Yb//2N,  2N-1 } 

where  I is  Pearson's  form  for  the  incomplete  gamma  function  (ABRAMOWITZ,  M.,  and  STEGUN,  I.A.,  1964). 

The  Yg  values  as  functions  of  Pfa  and  N have  been  tabulated  (PACHARES,  J.,  1958). 

The  probability  of  detection  P^  is  determined  by  (MARCUM,  J.I.,  1960). 

yb 

p.-l-f  f (z)  dz,  (21) 

d 0 z 

where  z is  the  normalized  signal  obtained  after  integration  and  video  addition,  and  f (z)  is  the  probability 
density  function. 

The  formulas  for  Pj,  in  a format  suitable  for  computation  have  been  derived  by  extending  the  procedures 
given  by  Swerling  (SWERLING,  P.,  I960;  POELMAN,  A.J.,  1975/1). 

The  characteristic  function  of  the  probability  density  function  of  the  signal  z is 
(Eq.  III. 3,  SWERLING,  P.,  1960,  p.283) 

C (p)  : C (p).  C (p)  * (p+1)  ' 21  (l+pdtNx))  2 - a 2(p+l)  (p+o)  , ■ « = 2N 

z y a y i L * 

(22) 

- xt  is  the  average  signal  power  to  average  noise  power  ratio  in  the  two  channels 


Case  I-i 


where  x - x , 

2 2 
( o2/o2 ) • 


i 


1 


.* 


! 
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Case  I-c  The  unweighted  characteristic  function  of  the  probability  density  fuction  of  the  signal  z 

is  (Eq.  I I I . 1 , SWERLING,  P.,  I960,  p.283) 

Cz(p)  = C (p).  Cyi  (p)  = (ptl)*2N  exp{-  Nx„  (1+F)  Jj-) 

It  follows  for  the  weighted  characteristic  function  (Eqs.  1.1  and  III. 2,  SWERLING,  P.,  1960,  p.274  and 
p.283) 

CB(p)  = (p+l)'(2N‘1)  [l  ♦ p{l+  Nx.U+F))]'1  = a 2(p+l)  1(p+a)  2,  n^+irij  = 2N  (23) 

_ 2 2 
where  xM  is  the  average  signal  power  to  average  noise  power  ratio  in  the  parallel  channel  (oe  /o  ) and 

F is  the  study  parameter  (F^o^/o^  - xi^xu  )•  11 

The  probability  density  function  f (z)  , which  is  the  inverse  Laplace  transform  of  (22)  and  (23)  (pair 
581.1,  CAMPBELL,  G.A. , and  FOSTER, ZR. M. , 1954,  p.64),  is  inserted  in  (21)  to  give 


where  I is  Pearson’s  form  of  the  incomplete  gamma  function  and 


(m^tk-1)! 
k!(m  -1)!  ‘ 


4. 3 Presentation  of  results  and  conclusions 

In  a single  channel  receiving  system  the  detectability  factor  D , is  defined  as  the  ratio  of  average  target 
signal  power  to  average  noise  power  required  at  the  detector  input  for  given  values  of  Pja,  Pd,  and  N 
(BLAKE,  L.V.,  1961).  For  the  dual-channel  receiving  system  considered  here,  this  definition  or  Ds  has  been 
adopted  for  the  "parallel  channel"  at  the  video  addition  unit,  with  parameters  Pfa,  Pj,  N and  F. 

To  make  the  results  more  meaningful,  the  detection  performance  of  the  dual-channel  receiving  lystem  may 
be  expressed  in  terms  of  a "figure  of  merit”  (ADS).  This  is  defined  as  the  gain  in  the  Ds  of  tie  dual- 
channel receiving  system  relative  to  the  D of  the  single-channel  receiving  system  with  horizontally 
polarized  (HP)  transmission  and  reception.  The  Ds  values  for  the  single-channel  system  and  parameter 
values  considered  can  be  determined  by  using  the  relevant  formulas  of  Pd  (SWERLING,  P.,  1960). 

However,  as  in  case  I-c,  the  average  cross-sections  for  circular-polarization  (CP)  and  horizontal- 
polarization  (HP)  are  not  identical.  Therefore  the  detection  performance  will  be  expressed  in  terms  of 
"efficiency,  E".  The  efficiency  (E)  of  the  dual-channel  detection  receiver  operating  in  the  CP  mode  is 
defined  as  the  reduction  in  transmitter  peak  power  relative  to  the  single-channel  detection  receiver 
operating  in  the  HP  mode,  for  the  same  Pfa,  Pd,  N and  pulse  width. 

Curves  showing  the  variation  of  E versus  N up  to  N*20  are  presented  for  the  extreme  cases  I-i  and  I-c 
in  Fig.  8,  with  values  of  A between  0 and  1,  Pfa=lCT6  and  Pd  values  of  0.5  and  0.8. 

Extreme  cases  have  been  considered  i.e.  incoherent  pulse  trains  of  which  the  amplitudes  are  mutually 
uncorrelated  or  completely  correlated.  In  practice  the  amplitudes  of  both  pulse  trains  will  be 
partially  correlated.  Another  observation  is  that  the  target  model  in  case  I-c  is  unfavourable  for  CP, 
in  that  then  HP  is  the  maximum  polarization. 

Therefore  it  is  concluded  that  the  performance  of  the  dual-channel  detection  receiver,  operating  in  the 
RC-LC  transmission  mode  for  adaptive  clutter  suppression,  in  clutter  free  sectors  (where  simple  linear 
video  addition  is  applied)  will  be  virtually  the  same  as  that  of  the  single-channel  detection  receiver 
operating  in  the  HP  mode. 
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Fig.  1 Simple  fixed  target  and  background  models  (absolute  phase 
ignored ) . 


TARGET  AND 
BACKGROUND 


O AND  • 30*  ORIENTED  X • 0.5, -0.5  TYPE  TARGETS 


. AND  O,  X . 1 BACKGROUND,  h • 0.5 
AND  •,  X.-l  BACKGROUND,  £.0.5 


«U'j] 


Fig.  2 Suppression  of  the  returns  from  simple  fixed  horizontally 
oriented  and  £ 30°  oriented  targets  relative  to  horizontal 
polarization,  when  the  antenna  polarization  h^h^  is  adapted 
for  complete  suppression  of  the  fixed  background. 
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Fig.  3 The  dipole  in  its  coordinate  frame. 


i hr  * h*  ADAPTED  FOR  AVERAGE  MINIMUM  RECEPTION 

hT  ADAPTED  FOR  MINIMUM  AVERAGE  POWER  IN  THE  COMPLETELY 

UNPOLARIZED  PORTION  OF  THE  BACKSCATTERED  FIELD  AND 
h„  ADAPTED  FOR  AVERAGE  MINIMUM  RECEPTION 


Fig.  4 Optimum  dipole  cloud  signal  power  suppression  relative  to 
horizontal  polarization;  h^h^  and  . 


A. 


,io- 1 : 
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O • AND  ® : A = 0.5,-O.S  TYPE  TARGETS  WITH 

ORIENTATION  UNIFORMLY  DISTRIBUTED 
OVER  AN  ANGLE  OF  ± 30°  TO  THE  HORIZONTAL 


AND  •,  0O=  60° 

AND  ® , 60  = 45° 

and  o,e0  = 30° 


1e0  IS  DIPOLE  CLOUD 
PARAMETER 


Fig.  5 Improvement  in  average  target  signal  power  to  average  dipole 
cloud  signal  power  ratio  relative  to  horizontal  polarization; 
£.T=hfc  adapted  for  minimum  average  dipole  cloud  signal  power 
reception. 

(i)  horizontally  oriented  simple  fixed  targets  and 

(ii)  simple  targets  with  orientation  uniformly  distributed 
over  an  angle  of  ♦ 30°  to  the  horizontal. 
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O#  AND©:  X = 0.5, -0.5  TYPE  TARGETS  WITH 

ORIENTATION  UNIFORMLY  DISTRIBUTED 
OVER  AN  ANGLE  OF  ± 30°  TO  THE  HORIZONTAL 


AND  • , 60  - 60° 

AND  ©,0o  = 45° 


IS  DIPOLE  CLOUD 
PARAMETER 


AND  O , 60  * 30°  J 


Fig.  6 Improvement  in  average  target  signal  power  to  average  dipole 
cloud  signal  power  ratio  relative  to  horizontal  polarization; 
hf  adapted  for  minimum  average  power  in  the  completely  unpolarized 
portion  of  the  dipole  cloud  backscattered  field  and  h^  adapted 
for  minimum  average  dipole  cloud  signal  power  reception. 

(i)  horizontally  oriented  simple  fixed  targets  and 

(ii)  simple  targets  with  orientation  uniformly  distributed 
over  an  angle  of  * 30°  to  the  horizontal. 
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Fig.  7 Blockdiagram  of  the  detection  receiver. 


Fig.  8 Efficiency  versus  N for  the  dual-channel  system  operating  in 

the  RC-LC  mode,  relative  to  the  single-channel  system  operating 
in  the  HP  mode  (Pfa=10~6;  non-coherent  integration;  slow 
scintillating  target). 

t 


DISCUSSION 


A J DUNLOP: 
A J POELMAN: 


Have  you  considered  using  polarisation  agility  for  target  classification? 

This  paper  has  been  devoted  to  only  one  aspect  of  the  use  of  controllable  polaris- 
ation. In  the  near  future  we  shall  certainly  consider  the  applicability  of  target 
classification  schemes  based  on  polarisation  characteristics. 
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METHODE  DE  CALCUL  NUMERIQUE  DE  PROBABILITE 
DE  DETECTION  DE  SIGNAUX  FLUCTUANTS 
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SOMMAIRE 


Dang  leg  cas  de  fluctuationg  intermedia! res  aux  cas  I et  II  de  SWERLING,  c'egt  k dire  de 
correlation  partielle  de  la  cible,  on  montre  que  la  fonction  caracterigtique  de  la  gortie  de  l'integrateur 
parfait  apres  detection  quadratique  g'exprime  aimplement  en  lonction  deg  valeurg  propreg  de  la 
matrice  de  covariance  deg  echantillone  de  la  voie  en  phage  (ou  en  quadrature  ) du  gignal  utile  . Trois 
methodeg  de  calcul  de  la  probabilite  de  detection  gont  examinees  : 

- approximation  par  la  aerie  de  Gram  Charlier,  elle  g'avfere  peu  commode  et  peu  precise. 

- inversion  de  la  fonction  caracterigtique  par  Translormee  de  Fourier  Discrete  ; elle  est 
toujours  utilisable  et  donne  de  bons  resultats. 

- inversion  de  la  fonction  caracterigtique  par  le  calcul  des  residua  ; elle  est  extrfemement 
precise  quand  elle  converge,  mais  s'accommode  maldes  grands  nombres  d'echantillons 

et  des  valeurs  propres  multiples  d'ordre  elev£. 

1.  INTRODUCTION 


L'evaluation  des  performances  de  radars  modernes  utilisant  certaines  techniques  de  decorre- 
lation d'echo  de  cible  necessite  une  methode  devaluation  de  la  probabilite  de  detection  dans  des 
cas  de  decorrelation  partielle  intermediaire  entre  leg  cas  I et  II  de  Swerling  . Dans  ces  cas  de 
fluctuation,  on  peut  exprimer  facilement  la  fonction  caracteristique  de  la  sortie  de  l'integrateur 
parfait  alimente  par  un  detecteur  quadratique  en  fonction  des  valeurs  propres  de  la  matrice  de 
covariance  des  echantillons  de  la  voie  en  phase  (ou  en  quadrature  ) du  signal  utile.  A partir  de 
ce  rlsulat,  diff£rentes  mlthodes  num£riques  permettant  d'acceder  k la  probability  de  d^passement 
d'un  seuil  sont  ytndiyes,  mettant  en  Evidence  leurs  avantages  et  leurs  limitations. 

2.  FONCTION  CARACTERISTIQUE  DE  LA  SORTIE  DE  L'INTEGRATEUR  PARFAIT  APRES 

DETECTION  QUADRATIQUE 

Platons  nous  dans  l'hypothkse  des  signaux  k bande  etroite,  oil  chaque  ychantillon  d'information 
se  compose  d'un  echantillon  de  la  voie  en  phase 

et  d'un  ychanfillon vde  la  voie  en  quadrature 

\ *-  S + \ 

s et  b ytant  lea  contributions  du  signal  d'une  part  et  du  bruit  d'autre  part. 


Ajoutons  lea  hypotheses  d'indypendance  statistique  du  signal  et  du  bruit  et  d'indlpendance 
statistique  des  voies  en  phase  et  en  quadrature.  Leg  PC  , et  b sont  des  variables  allatoires 
gaussiknnes,  centrles  et  on  a pour  tout  i et  j 


E 

£ \ 

E 

E 


= 0 


Wt . K6} 

1L  • 


a 0 

n E 


At»i  ■ J . E a E jig.  . bj-  J = 0 

«°  P°ur 
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Notons  les  vecteurs  colonnes  de  tail  It*  N 


XI“W}  X«=jv]  - 

NotonsC  la  matrice  de  covariance  des  echantillons  d'une  voie  J V OU  J > 

C = e]*!-*!  | = E|X<?-X^^ 

Le  detecteur  quadratique  suivi  de  l'ir 

U 


'int^grateur  parfait  effectue  l'operation 


= CvxU 


z constitue  1' echantillon  de  sortie  sur  lequel  est  effectue  la  decision  ; on  peut  chercher 
sa  fonction  caracte  ristique. 

C est  une  matric^.  de  covariance.  Elle  est  done  positive  semi  dlfinie  et  il  existe  une 
transformation  unitaire  U CU  qui  la  diagonalise 

uTcu  = [X] 

U est  une  matrice  unitaire 

w est  la  matrice  diagonale  des  vaieurs  propres  r^elles  positives  ou  nulles  de  C. 

Formons  les  vecteurs  Yr  et  Yj  = j V . J U .1 

Yl  = UTXx  X-  ^ , , . T 3 T . i , 

Cherchons  leur  matrice  de  covariance  E | Yj  Y^  l z E U.Xj.YjU  = E UTCUklX 


et  de  mtme  pour 


elVX?J 


Les  et  sont  done  des  variables  al^atoires  gaussiennes,  centres,  ind^pendantes 

et  de  variance  \let  V. 

Exprimons  z en  fonction  des  y : _ 

i --  xjx,  + >ex, « y/u’uy,  * y,  i/uy, 

3 = «*•  <jii 4 

z est  done  la  somme  des  carrfs  de  2N  variables  al^atoires  gaussiennes  ind£pendantes,  de 
variances  egales  aux  vaieurs  propres  Xi  de  C 

Sa  fonction  caractlristique  s'ecrit  done  : 

U 


<h»»  tl — \ — 

I et  n 


du  signal, 
de  C. 


de  Swerling  et  interm^diaire 

matrice  de  correlation  des  echantillons  d'une  voie 


Po  sons  * E|  J a 'J2 

et  notons  le  rapport  signal  bruit,  R la 

1. 

II  vientCs  X^l+XR^et  si  est  valeur  propre  de  R,  alors  X = ^ X |J^  est  valeur  propre 


Dana  le  cas  I,  tous  les  elements  de  R valent  1 et  ses  vaieurs  propres  sont  0 d'ordre 
N- 1 et  N d'ordre  1. 

Les  vaieurs  propres  de  C sont  done  _1_  d'ordre  N - 1 et  1 e-N  d'ordre  1 

2 X 

La  fonction  caracteristique  de  z s'ecrit  alors  : 

^ = (*-!*)•«.  [Me ***>0  ^ 

Dans  le  cas  U,  R est  diagonale  de  valeur  propre  1 d'ordre  N et  Cp  s'ecrit  : 


1 


3 1 -3 


Remarquons  que  la  localisation  des  valeurs  proprcs  de  C sur  la  ligne  r^elle  suggere  une 
m^thode  de  juger  de  la  "proximity"  d'un  cas  de  decorrelation  du  cas  I ou  II  ; la  proximite  du  cas  I se 
traduit  par  une  migration  de  N-l  valeurs  proprcs  vers  la  valeur  2 et  la  Nieme  vers  la  valeur(l  + N3C/2) 
tandis  que  la  proximite  du  cas  II  se  traduit  par  une  concentration  des  valeurs  propres  autour  de  la 
valeur(l+X/2) 


Application  au  cas  I aftecte  d'une  modulation  d'amplitude  du  signal  utile 

Platons  nous  dans  le  cas  I ou  les  echantillons  de  signal  sont  parfaitement  correies  mais  ou 
le  signal  subit  une  modulation  d'amplitude  revenant  k une  ponderation  des  echantillons  et  par 
un  coefficient  0<  i Soit  X le  rapport  signal  bruit  correspondant  i la  valeur  unite  defXi. 

C s'ecrit  alors  : - 

I m.  •>,«.)  I 

et  a pour  valeurs  propres  1/2  d'ordre  N-l  et  : L I 'i  + * c—  ”J.  J 

N 2. 

— y J.  

Ce  sont  celles  qu'aurait  donne  , dans  le  cas  I un  rapport  signal/bruit  A s 3 — Y . 

moyenne  du  rapport  signal/bruit  des  echantillons.  I ^ 


3.  METHODES  DE  CALCUL  NUMERIQUE  DE  LA  PROBABILITE  DE  DETECTION 


3.1.  La  serie  d'Edgcworth 


On  montre  que  si  la  statistique  de  l'echantillon  z ne  differe  pas  trop  de  celle  de  Gauss,  on 
peut  exprimer  la  probabilite  de  depassement  d'un  seuil  Yb  par  une  serie  : 


$ = £- 


er’c 


Yn-l*l 


4 

\flJL 


m etC"etant  la  moyenne  et  l'ecart  type  de  l'echantillon  de  sortie,  Hei  le  polynOme  d'Hermite 
d'ordre  i et  les  Ci  des  coefficients  s'exprimant  en  fonction  des  cumulants  de  la  distribution 
de  z.  On  montre  que  Cl  = C2  = 0 et  qu'afin  d'obtenir  des  contributions  du  rntme  ordre,  il 
faut  regrouper  les  termes  de  la  serie  dans  un  certain  ordre.  La  serie  regroupee  par  ordre 
de  magnitude  decroissante  s'appelle  serie  d'Edgeworth,  et  les  termes  & prendre  dans  l'ordre 
sont  : i=0,  puis  i=3,  puis  i=4  et  6,  puisi=5,7,9,  etc... 

On  trouve  dans  la  litterature  l'expression  des  Ci  en  fonction  des  cumulants 

__d  *2 

3)>n 


J- 

51  Xfi 

( V •or]) 

S *-,+4(V35vg 

C,  ft W 125'X5\  + 2J0'Xf') 
9!  ^ ' 


Pour  exprimer  les  cumulants  en  fonction  des  valeurs  propres  de  la  matrice  de  covariance,  on 
developpe  l'expression  de  hi  seconde  fonction  caracteristique  en  puissance  de  ju. 


On  en 


en  tire  le  cumuiant  d'ordre  r f-  g V 


Xi  est  la  trace  Tr  de  la  rifeme  puissance  de  la  matrice  de  covariance. 


Remarquons  que  r 

En  reportant  ceci  dans  l'expression  des  coefficients  Ci,  on  trouve  : 


£»-4&  T 

C4*  ' T‘ 


314 


c*.  a.) 

T 6 If  / 

C.  : — L Hi*  5lZ*lN 
* t^v  i «* ; 

^ T V 9 i « 20  4ta  / 


-3 

i_ 

18  20  U2‘ 

On  voit  quc  le  calcul  dea  Ci  ne  requibre  pas  l'extraction  des  valours  propres,  mais 
aimpiement  le  calcul  de  la  trace  dea  puissances  euccessives  dc  la  matrice  de  covariance. 


Un  programme  de  calcul  a 6te  ecrit  pour  traduire  ces  relations  et  tester  la  m^thode 
sur  certains  cas  particuliers  connus. 


R£aultats  pour  un  iL  (N  = 10).  Yb  = 25 
- Coefficients  de  Gram  Charlier 


Co  = 1 
C3  = 0,  105 
C4  = 0,025 
C5  = 0,006 


C6  = 0,007 
C7  = 0,003 


C9  = 0.001 


- Probabilites  416mentaires 

Po  = 0,215 

P3  = -0,012 

P4  = -0,014  P6  = 0,015 

P5  = -0,  001  P7  = -0,  07 

- R^sultat  exact 

Conclusion 


P9  = -0,  O'  4 


Sommea  partielles 
0,215 
0,203 
0,  204 
0,  197 
0,201 


On  voit  que  le  meilleur  r^sultat  est  obtenu  pour  la  somme  parti-lle  Po  + P3 
et  que  poursuivre  la  sommation  jusqu'i  un  rang  plus  eieve  degrade  la  precision. 

La  m£thode  de  Gram  Charlier  paraft  done  inadequate  et  l'experience  demontre  qu'elle 
Test  d'autant  plus  que  le  cas  est  plus  proche  du  cas  I et  que  le  seuil  est  place  dans 
la  queue  de  la  distribution. 

3.2.  Inversion  de  la  fonction  caracteristique  par  Transformee  de  Fourier  Discrete 

Connaissant  la  fonction  caracteristique,  on  peut  imaginer  de  l'inverser  par 
Transformee  de  Fourier  Discrete  en  utilisant  un  algorithme  de  F.F.T. 

En  discretisant  l'integrale  de  Fourier,  on  trouve  : 


too 


p®  * -k 

En  remarquant  que  : ^ 

p(5)  -v  -&■  (*Re  \ ^ 

Prenons  K echantillons  de  la  fonction  caracteristique  de  0 1 (K-l)A. 
L' algorithme  de  F.F.T.  fait  apparaftre  K quantity s 

31-  il  W** 

On  peut  done  approcher  la  densite  P(z)  aux  points  : 


y-  far 

K4S)* 


3 1 -5 


En  fait,  dans  l'algorithme  de  FFT,  aeula  K points  aont  significatif a ; ai  done  on  s'interesse 
k un  domaine[o^Jde  variation  de  z pour  2 p(z),  il  convient  de  prendre  , soit  & - TL 

et  on  acefede  k K echantillons  de  p(z)  eapac^a  de  * > 

2 

Dans  notre  caa  particulier,  nous  noua  inte resaona  k un  domaine  de  variation  de  z centre 
aur  la  moyenne  m et  d'ytendue  6 foia  l'^cart  type  <y. 

II  auffit  dedecale  r p(z)  vers  la  gauche  de  m-lr  en  multipliant  C^U(u^par  e*.  p [- i(w  - uJ 
puis  de  l'lchantillonner  avec  un  pas  & = "n/l2<J"  “ 0 / 

Le  nombre  de  points  k prendre  depend  de  la  finesse  de  1' Ichantillonnage  recherche  pour 
p(z). 


m et  0”  sont  calculus  > partir  dee  valeurs  propres  par 


2.Z  Xi 

•SI 


--4P 


La  mythode  a et£  progranim^e  sur  ordinateur  avec  un  Ichantillonnage  de  2>48  points 
surQ^4  O'1  obtient  done  1024  points  de  la  density  aux  abscisses  % = m-tl T+  t -I22-  0^1^1023 
On  en'tire  la  cumulative  par  simple  sommation  des  echantillons  el  la  probability  de  depasse- 
ment  d'un  seuil  par  extrapolation  linlaire  entre  deux  echantillons  et  complementation  a 1. 

Elle  a 6t6  testee  sur  des  distributions  du  type  & 2N  degres  de  liberty,  N variant  de  1 a 

100.  Avec  1|  nombre  de  points  de  2048,  les  resultats  obtenus  sont  tres  satisfaisants.  Dans 
le  caa  du  , ou  la  density  prysente  une  discontinuity  k l'origine,  la  precision  obtenue 

est  de  quelques  unites  de  la  troisieme  dycimale  ; elle  s'amyiiore  k mesure  que  la  distribu- 
tion etudiye  s'approche  de  Gauss.  Avec  un  echantillonnage  plus  aerre  il  est  possible  d'amy* 
liorer  la  precision,  mais  ce  gain  n'est  que  lineaire  en  fonction  du  nombre  de  points. 

Enfin,  un  des  avantages  de  la  mythode  est  de  donner  d'un  coup  la  cumulative,  autorisant 
le  calcul  de  la  probability  de  detection  pour  diffyrents  seuils  (mais  pour  une  seule  valeur 
du  rapport  signal/bruit) 


Inversion  de  la  fonction  caracteriatique  par  le  calcul  des  residua 


3.3.  1.  Expression  ananlytique  de  la  probability  de  detection  en  fonction  des  residua 

La  cumulative  de  la  distribution  s'exprime  en  fonction  de  la  fonction  caracte- 
ristique  par  l'expression  : . 

Soit  Vg  le  seuil  pour  lequel  on  veut  calculer  la  probability  de  detection. 

Alors  : 


z\-± 

in.. 


En  permutant  les  ordres  d'integration  : 

maig  i 

d'oii^  1 -4*» 

* - '■llfVfyT-Cr®  % * 


4- 


.H-6 


En  report  ant  dan*  l'expression  dc  Pd. 

* 2 UlJjm  JUL 

Au  paragraph**  2,  on  montre  que  : 

4>u=  x< 

i 

la  fonction  present'-  done  un  pOle  4 u = 0 

et  un  certain  nombre  de  pOles  de  la  forme  . 

6ituc*dans  le  demi  plan  infirieur  du  plan  xomplexc 

Pour  calculer  rwi  on  peut  done  calculer 

4*  r 

l'intlgrale  complexe  le  long  du  contour  C reprlsentl  i la  figure  ci-aprfes 


/ j“\ lu 

c <)u 

^)e-rv* 


-2Uj  2 Rt 


done 


^ TL  lorsque£-»0  ctj-*0  lorsque  R — * CO 

e^clu.  = -U_2TTi 


En  reportant  dan*  l'expre**ion  Pd,  on  trouve  done 

Pf  - -j  ? * 


Ri  Itant  le  r<*idu  de 


' j' 


au  pOle  A. 

2;Vt 


La  probability  de  d£tectio.p  I'exprime  done  trfes  aimplement  en  fonction  des  residua 
de  la  fonction 


0 ju. 


3.3.2.  Calcul  de*  rlsidu* 

Ca»  d'une  valeur  propre  nmplc  de  la  matrice  de  covariance 

Soit  Xi  une  valeur  propre  aimple  de  la  matrice  de. covariance. 
II  lui  cor  re  *pond  done  un  pOle  simple  de 
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JLe  rlsidu  cor respondant  vaut  done  : 
D.  U'2iXi  i 


,TX 


2^  -ft  4-ijuX*  ju 
* ■*••'  X#1  |u  * £jm 

, XL  V p~ 


= J C.  2 


Cas  d'une  valeur  propre  multiple  de  la  matrice  de  covariance 


Soient  X4  X 


d el 

4 C 


les  valturs  propres  d'ordre 
ol p de  la  matrice  de  covariance. 


II  leur  correspond  les  pOles  : 

!_  < ^ dlordtc 

2?,  ) 2)>P 


Soit  le  r£sidu  au  p61e  . \ . - d'ordre  <V^ 

2jXi 


P A 

°^b  de  la  fonction  caract^ristique  : (f>  Cl)  - TL  t— — - 


Appel,  ns  Q.^U)  la  fonction  d^finie  par 

if  Mil! . 

1 v8;t  e- ju 

Le  r^sidu  Ki,  est  donn£  par  1'expression  : 


3i  UpJ 

Pour  calculer  Rj,  il  faut  done  calculer  : 

<f*-*  M 

’ (rfi-rt 

Le  calcul  de  l'expression  litt^rale  deCL  (iO  £tant  trop  complexe,  il  est  possible 
d'utiliser  une  m^thode  r£currente  pertnettant  de  calculer  sur  ordinateur  les 
ddrivAs  de  gi  et  de  l/gi  par  le  biais  des  d£riv£es  logarithmiques  de  la  maniire 
suivante  ; 


Calcul  des  d£riv£es  logarithmiques  : 
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et  pourU  - - I - les  valeurs  de  ces  ddriv^es  logarithmiques  sont  : 


Toutes  c«s  valeurs  des  diriv^es  logarithmiques  de  Ol^(y.)  P°ur  la  valeur  JL 
peuvent  6tre  calculles  facilement  gur  ordinateur.  ® 

Calcul  des  d£riv£es  en  fonction  deg  dlriv^es  logarithmiques  : 

4^1  - a2- j ' 3W  f i 

cT'Loq  q.  _ d"'1  d%  dT-<  t 

du"  " du"'1  " dJ"  0 

«-*  - ‘ ^)V" ' HfV 

ry 

Cea  expreaaions  permettent  de  tirer  ^ 

en  fonction  de  et  des  d£riv£es  de  et  jusqu'k  l'ordre 

#■  d £ ^ -m  i£V-  - =•*’  (fl?- tfV 1 
‘u-w  «sr-  — ^ f 4 — rV) 

En  fait  , ilest  plus  simple  de  calculer  : u 

«c  r 

4.  l\£^n^r  1.  .j^l 

d(_  (n>- ! >*'  *•  ! (vw- ) ! J 

<sSP,  tf.Jbai.r 

d'oii  la  m^thode  ricurrente  pour  calculer  : 

(M  . 

3 


en  fonction  de 


1)  Calcul  des  valeura  dea  d£riv£ea  logarithmiques  successives  de  Q et  Vq 
pour  Ut  i.  0 0 

juaqu'i  l'ordre  0^-4 


' 
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2)  Calcul  "en  ychelle"  de 


qH 


eV 


wr 


P°ur  U * v 

pr^c^dentea  juaq'k  l'ordre  4 


par  lea  formules 
d'ou  le  calcul  du  rlaidu. 


3.3.3.  R^aulata  d'exploitation 

Un  programme  de  calcul  aur  ordinateur  a yty  ycrit  pour  mettre  en  oeuvre  cette 
mithode  aur  dee  diatributiona  du  type  T(2a  2N  degree  de  liberty.  Lea  calcula 
ytaient  effectu^a  en  double  prlcieion.  La  comparaison  avec  lea  r£aultata  tabulae 
a mi  a en  Evidence  : 

- que  pour  dea  valeura  de  N relativement  faiblea  (N  4.  15)  la  priciaion 
eat  remarquable  et  atteint  quelquea  unites  de  la  aixifcme  d^cimale. 


- que  pour  dea  valeura  de  N plua  grandea  lea  rlaultata  deviennent  rapi- 
dement  inutiliaables. 

Afin  d'expliquer  cette  conatation,  lea  intermldiairea  de  calcul  permettant 
d'aboutir  au  r^aidu  ont  it 6 examines  avec  attention. 

1 

II  apparaft  alora  qu'un  certain  nombre  de  grandeura  interviennent  & dea  pui88ancea 
^galea  au  nombre  dea  valeura  proprea.  Dana  cea  conditions,  lea  calcula  mettent 
en  jeu  dea  nombre  a aoit  rapidement  ynormea,  aoit  tout  petite,  qui  font  perdre  toute 
precision  aur  lea  calcula  eflectuis. 

La  mlthode  du  calcul  de  la  probability  de  dytection  par  la  m^thode  dea  ryaidua 
ne  doit  done  §tre  utiliaye  qu'avec  de  grandea  prycautiona  et  pour  dea  valeura  de  N 
faiblea. 

En  rfegle  gynyrale,  la  pryciaion  qu'elle  permet  d'atteindre  quand  elle  converge 
eat  auperflue  il  eat  done  pryiyrable  d'utiliBer  la  mytkode  par  F.F.T. 


— 


DISCUSSION 


D F HAMMERS: 


P BLONDY: 
G GALATI: 


P BLONDY: 


I know  of  two  treatments  of  similar  problems  In  US  literature,  le  computing  P for 
partially  correlated  targets: 

1)  Ranter,  I,  - computing  P for  fluctuating  target  at  MTI  output;  EASCON,  1974. 

o 

2)  Another  paper  on  Pq  frequency  decorrelation  of  Sj  targets.  1 cannot  remember 
the  title  etc  but  I will  be  glad  to  mall  a copy  to  Mr  Blondy. 

Note:  both  1)  and  2)  use  the  residue  method. 

I thank  Mr  Hanmiers  for  these  interesting  references  which  I will  be  glad  to  read. 

Has  the  possibility  of  using  a Monte  Carlo  simulation  to  provide  the  same  results 
on  detection  probability  been  considered  and  If  so  what  were  the  results  and 
comparisons? 

Of  course  the  Monte  Carlo  method  could  be  used  to  obtain  detection  probability. 
However,  to  obtain  the  same  level  of  accuracy  (If  needed)  a large  number  of  runs 
would  be  necessary,  which  would  be  costly  In  computer  time.  In  this  respect,  the 
method  of  lnverslng  the  characteristic  function  using  the  FFT  is  very  Interesting 
since  it  delivers  the  entire  cumulative  at  once,  providing  knowledge  of  detection 
probability  for  all  thresholds  (but  for  one  slgnal-to-noise  ratio).  Lastly,  I 
believe  that,  when  analytical  methods  are  available,  they  should  be  preferred  to 
Monte  Carlo  methods,  since  they  quite  generally  provide  a better  understanding  of 
the  phenomena. 
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SIMULATION  OF  A RADAR  TRACKING  A GLINTING  AIRCRAFT  TARGET 
IN  A MULTIPATH  ENVIRONMENT 


Jay  H.  Landreth 
ITT  Gilfillan 
7821  Orion  Avenue 
Van  Nuys,  California  91406 


SUMMARY 


Models  of  a radar,  the  target  and  the  terrain  are  developed  for  the  Fresnel  field  range  so  that 
a radar  designer  can  optimize  a radar  when  tracking  is  required  at  short  ranges  near  the  ground.  Those 
features  of  the  radar  that  effect  target  information  or  the  processing  of  it  are  part  of  the  radar  model. 

The  target  is  assumed  to  be  an  ensemble  of  simple  shaped  scatterers  while  the  roughness  of  the  terrain 
is  represented  by  a statistically  rough  surface  and  a slightly  rough  surface.  A coherent  time  summation 
of  the  signals  received  from  the  direct  and  indirect  signal  paths  are  formed  into  a range  facsimile  of  the 
real  signal.  A two  channel  coherent  receiver  and  processor  were  emulated  to  process  the  data.  An 
application  of  the  model  has  been  developed  into  a computer  simulation  in  which  a pencil  beam  radar 
employs  three  dimensional  tracking. 

1.  INTRODUCTION 

The  ability  of  a high  resolution  radar  to  track  a target  is  limited  by  the  effects  of  the  environ- 
ment and  the  characteristics  of  the  target.  This  paper  describes  a quantitative  approach  into  the  target- 
induced  effects  of  glint  and  scintillation,  and  the  environmental  effects  of  multipath  propagation. 

Ideally  a tracking  radar  should  provide  a tracking  accuracy  at  any  range  that  is  dependent  only 
upon  the  characteristics  of  the  radar:  beamwidth,  power,  pulsewidth,  thermal  noise,  etc.  This  ideal- 
ized tracking  accuracy  is  almost  never  attained  in  the  deployment  of  the  radar.  If  a pulse  of  electro- 
magnetic energy  impinges  upon  a typical  target,  the  reflected  wavefront  is  nonspherical:  its  amplitude 
and  phase  are  a function  of  the  aspect  angles.  In  the  case  of  radar,  the  typical  wavelengths  (3  to  30  cm) 
are  relatively  short  compared  with  the  size  of  target,  hence  the  tilt  of  wavefront  is  rapidly  changing  due 
to  target  motion. 

The  typical  radar  target  can  be  described  as  a collection  of  phase  centers  which  reflect  the 
radar  energy.  To  get  the  total  reflected  energy  the  independent  reflections  are  vectorially  summed  for 
a particular  instant  of  time.  A short  time  later  a new  summation  must  be  computed  because  the  relative 
range  to  each  scattering  center  will  be  different  due  to  a change  in  the  position  or  attitude  of  the  target. 

If  we  map  out  the  point  in  space  where  the  vector  sum  is  a maximum,  we  find  that  this  point  rarely 
appears  at  the  center  of  gravity  for  the  target  or  any  other  fixed  reference  on  the  target.  This  point  of 
r.iaximum  return  is  non-stationary,  hence  the  target  appears  to  have  some  intrinsic  moving  virtual  radar 
image  and  this  property  is  usually  referred  to  as  glint.  A similar  effect  is  produced  by  a phenomena 
known  as  multip  ith  propagation.  When  a ground  radar  must  track  a low-angle  target,  a number  of  multi- 
path  bounce  propagation  paths  are  consistent  with  the  timing  of  a range  gated  radar,  hence  there  are  a 
number  of  virtual  radar  images  associated  with  the  multipath  phenomena.  The  simultaneous  occur  - 
rence  of  glint  and  multipath  propagation  will  produce  a radar  signal  that  is  difficult  to  track  in  any 
coordinate  system  due  to  the  apparent  motion  of  the  radar  cross  section  centroid. 

In  the  application  of  early  studies  of  glint,  Delano  [Delano  R.  H.  , 1953],  Dunn  et  al  [Dunn,  J.  H.  , 
1959],  Muchmore  [Muchmore,  R.  B.  , 1960],  and  Lindsay  [ Lindsay , J.  E.  , 1968],  it  was  difficult  to 
quantify  all  the  problems  that  occurred  in  a tracking  radar.  The  basic  statistical  properties  of  glint 
rest  with  the  scattering  properties  of  the  target  and  its  motion.  With  the  event  of  large  scale  digital 
simulations  it  is  now  feasible  to  model  the  target  and  simulate  its  motions.  Graf  and  Nagle,  [Graf,  E.  R.  , 
1972],  developed  a four  point  model  to  represent  an  aircraft  scattering  complex.  Each  point  is  assigned 
a pair  of  sinusoidal  functions  that  control  the  amplitude  and  phase  of  the  reflected  signal.  The  normal  to 
the  glint  phase  front  is  computed  and  compared  with  the  line  of  sight  from  the  radar. 

Wright  [Wright,  J.  W.  , 1972],  developed  an  approach  where  the  target  consists  of  an  ensemble 
of  ellipsoids.  The  target  elevation  and  azimuth  errors  and  phase  are  computed  from  a vector  summa- 
tion of  the  target  scattering  elements.  His  thesis  includes  a summary  of  the  important  Investigations 
that  have  contributed  to  our  knowledge  of  glint  phenomena. 

Early  studies  of  multipath  propagation  also  suffered  the  deficiency  of  quantification  when  the 
approach  was  applied  to  a real  radar  system  [Evans,  C,.D.  , 1966  and  Barton,  D.  K. , 1969].  Graf  and  Nagle 
[Graf,  E.R.,  1974]  employed  the  basic  ellipsoidal  model  of  Wright  to  investigate  and  quantify  the  effects  of 
multipath  propagation.  The  reflective  properties  and  surface  roughness  of  the  ground  were  accounted  for 
by  combining  the  investigations  of  Rice  [Rice,  S.  O. , 1951]  and  Ruck  et  al  [Ruck,  G.  T.  , 1970]. 
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These  previously  described  approaches  of  large  scale  simulations  to  the  problems  of  glint  and 
multipath  have  serious  limitations  which  can  influence  their  results.  First,  no  combined  effort  was 
made  to  allow  for  a simultaneous  investigation  of  glint  and  multipath.  Second,  the  complete  target  and 
antenna  were  assumed  to  be  in  the  fair  field.  Third,  it  was  assumed  that  the  entire  target  was  always  in 
one  angular  and  range  resolution  cell.  Fourth,  there  was  no  attempt  to  apply  the  results  of  the  simula- 
tions to  an  actual  system  tracking  an  aircraft  in  three  dimensions  (azimuth,  elevation,  and  range).  The 
objective  of  this  research  has  been  to  combine  the  work  of  Wright  and  Graf  and  Nagle  and  to  remove  all 
but  one  of  these  limitations;  the  entire  target  is  assumed  to  be  in  one  range  resolution  cell.  When  an 
actual  radar  simulation  is  used  in  combination  with  a glint  and  multipath  simulation,  it  becomes  difficult 
to  separate  the  errors  caused  by  imperfect  signal  and  data  processing  and  those  caused  by  the  glint  and 
multipath.  The  characteristics  of  the  observing  radar  (transmitted  pulse  shape,  pulsewidth,  receiver 
on-time,  antenna  and  intermediate  frequency  transfer  functions,  resolution  cell  size,  wave-length, 
polarization,  and  tracking  algorithms)  have  a decided  effect  on  any  effort  to  minimize  tracking  errors. 

This  particular  investigation  does  not  presuppose  any  rigid  set  of  assumptions  associated  with  the  actual 
radar  except  in  the  case  of  range  resolution  cell.  Rather,  it  is  a general  purpose  program  which  allows 
a radar  designer  to  form  the  multipath  and  target  modeling  with  a set  of  target  and  ground  characteristics 
around  a particular  radar.  There  has  not  been  made  any  approximation  to  the  target  and  multipath  model- 
ing due  to  the  radar's  inability  to  process  the  data  except  for  the  aforementioned  exception. 

2.  APPROACH 

The  primary  purpose  of  this  investigation  was  to  provide  a design  tool  for  the  development  of  a 
short  range  approach  radar.  A quantitative  analytic  approach  was  required,  one  which  allowed  a 
designer  to  analyze  the  problems  of  a ground  radar  tracking  a target  when  the  antenna  was  in  the  Fresnel 
range  of  target  and  the  target  was  in  the  Fresnel  range  of  the  antenna.  Futhermore,  the  problem  was 
complicated  by  multipath  propagation.  The  radar  was  assumed  to  be  tracking  the  target  in  three  dimen- 
sions (range,  azimuth  and  elevation),  where  the  information  would  be  mutually  coupled  in  all  dimensions. 
It  was  necessary  to  obtain  the  effects  of  the  design  characteristics  intrinsically  associated  with  the  radar 
as  well  as  those  inherently  associated  with  the  target  and  the  multipath  ground  reflection  properties.  To 
be  specific,  the  characteristics  are  enumerated  as  the  following: 


Target  Characteristics  Considered 

• Course  and  Fine  structure  signature  modeling 

• Monostatic  and  bistatic  RCS 

• Specular  point  phase  reference 

• Phase  and  gain  of  the  illumination 

• Far  Field  and  Fresnel  Field  Effects 

• Target  Motion 

Radar  Characteristics  Considered 

• Pulsewidth  and  transmitted  wave  form 

• Receiver  listening  time  and  its  time  relationship  with  the  transmitted  pulse 
e Angular  resolution  cell  size 

• Intermediate  frequency  filtering 

• Method  of  antenna  scanning:  phase  and  frequency 

e Antenna  gain  and  phase  contours  for  far  field  and  Fresnel  field 
e Polarization 

• Antenna  scanning  geometry 

• Measurement  algorithms  for  angle  and  range 

• Tracking  algorithms  and  the  design  coordinate  space 
e Range  gating  algorithm 

Ground  Properties  Cons^gered 

e Reflection  coefficient 
e Polarization 

• Surface  roughness 

• Illuminated  area 

• Phase  and  gain  of  the  Illumination 

It  is  appropriate  that  we  now  discuss  in  detail  each  aforementioned  characteristics.  A complete 
pictorial  of  the  radar,  the  target,  and  the  environment  is  provided  in  Figure  1. 

2.  1.  Target  Modeling. 

The  target  model,  which  is  an  extension  of  the  work  by  Wright  [Wright,  J.  W.  , 1972],  assumes 
that  a target  in  the  Fresnel  field  can  be  divided  into  M different  scattering  elements  located  at  fixed 
points  in  the  target  coordinate  system.  Each  scatterer  Is  considered  to  be  a simple  shape  in  the  far 
field  for  which  the  geometric  optics  radar  cross  section  (RCS)  equation  has  been  previously  developed. 
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For  example  a BQM-34A  drone  aircraft  (Figure  2)  can  be  modeled  with  an  ensemble  of  eight 
ellipsoids  sized  to  the  major  aircraft  components  (fuselage,  wings,  horizontal  stabilizer,  etc.  ).  The 
engine  intake  and  exhaust  require  two  additional  spherical  shapes.  More  accurate  engine  modeling  is 
possible  with  cylinders,  cavities,  etc.  The  model  is  appropriate  in  the  high  frequency  region  where  the 
source  of  the  scattering  can  be  considered  to  originate  from  a specular  point  ora  discontinuity.  In  the 
high  frequency  region  the  RCS  can  be  approximated  by  geometrical  optics.  For  an  ellipsoid,  Ruck 
[Ruck,  G.  T.  , 1970]  gives  this  cross-section  in  the  bistatic  case  as 
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<7  = 
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2 2 2 2 2 2 2 
a (sin0  cos0  -f  sin©*  cos#*)  + b (sin0  sintf  + sin0*  sin#*)  t c (cos 0 * cos0/)  ] 


(1) 


and  in  the  monostatic  case  as 


a = 


2 2 2 
V a b c 


22  2 22  2 222 
[a  sin  0 cos  $ + b sin  0 sin  # + c cos  0] 


0 = 0* 


(2) 


where  a,  b and  c are  the  axes  of  the  ellipsoid,  and  where  0 and  # are  incident  angles,  and  0*  and  #*  are 
reflected  angles.  Both  monostatic  and  bistatic  specular  cross-sections  are  calculated  to  support  direct 
and  indirect  propagation. 


Figures  3 and  4 depict  a model  for  a BQM-34A.  It  can  be  seen  that  reflections  arising  from 
discontinuities  (wing-fuselage  junction,  vertical  stabilizer  fuselage  junction,  etc.  , ) are  generated  by 
synthetic  specular  points.  To  allow  for  further  adjustments  in  the  individual  elemental  cross  sections 
and  shadowing,  a series  of  modulation  and  shadowing  functions  that  are  aspect  angle  dependent  are 
bener  ated. 


A test  program  was  developed  for  target  modeling  so  that  a calculated  far  field  synthetic  mono- 
static and  bistatic  RCS  for  a particular  model  could  be  compared  with  measured  data.  This  program 
allows  one  to  make  minor  adjustments  in  sizing  and  placement  of  the  individual  simple  shapes.  Figure  5 
compares  synthetic  and  measured  monostatic  RCS  data  at  C-band  for  a BQM-34A  drone  aircraft  for 
aspect  angles  0 through  90  degrees  with  0 degree  roll  and  pitch  angles.  The  mean  of  the  synthetic  data 
around  20  degrees  aspect  is  about  2 dB  higher  than  measured  data  with  a 4 dB  difference  from  40  to  70 
degrees.  No  attempt  was  made  to  minimize  the  differences  for  all  aspect  angles  because  the  region  of 
interest  was  0-10  degrees  where  the  two  means  are  very  close.  There  are  many  fluctuation  extents  of 
both  sets  of  data  that  do  not  match  up  but  it  is  obvious  that  fine  structure  variational  rates  are  reason- 
ably close.  This  type  of  comparison  offers  a point  of  departure  only,  as  the  modeling,  in  the  simula- 
tion develops  the  target  as  a set  of  coherent  scatterers  which  is  being  eclipsed  by  a pulse  of  energy  where 
each  of  the  simple  shapes  is  treated  separately. 

The  problem  geometry,  depicted  in  Figure  6,  shows  an  aircraft  on  final  approach  with  a ground 
radar  placed  to  one  side  of  the  runway.  A primary  reference  frame  is  formed  at  the  intersection  of  the 
glideslope  and  the  runway.  Secondary  reference  frames  are  set  up  at  the  aircraft  center  of  gravity  and 
at  the  base  of  the  antenna.  Euler  transformations  are  used  to  transform  coordinates  from  one  system 
to  another;  thus  a rolling,  pitching  and  yawing  aircraft  with  an  arbitrary  flight  path  may  be  tracked  by  an 
electronically  scanned  antenna  tilted  and  rotated  to  an  arbitrary  angle.  The  simulation  allows  for  six 
degrees  of  freedom  in  target  motion  so  that  the  location  of  each  scatterer  can  be  updated  between  each 
pulse  of  radar  energy. 

The  primary  phase  reference  is  the  direct  path  monostatic  specular  point  on  each  of  the  sim- 
ple shapes.  For  multipath  propagation  computations  the  bistatic,  radar-ground-target- radar  specular 
points  are  computed.  To  maintain  phase  coherency  the  aircraft  position  is  updated  between  each  trans- 
mitted pulse  with  a new  computation  of  all  specular  points. 


Since  one  of  the  assumptions  was  that  the  target  was  in  the  Fresnel  field  of  the  antenna,  a sim- 
ple antenna  gain  amplitude  contour  independent  of  range  is  not  acceptable.  The  illumination  gain  and 
phase  as  a function  of  frequency  and  range  are  computed  from  amplitude  and  phase  measurements  of 
each  antenna  slot.  It  is  assumed  that  the  rays  approaching /leaving  any  particular  target  scatterer  are 
parallel  but  the  collective  assumption  that  all  rays  approaching  the  target  ensemble  are  parallel  was  not 
an  assumption.  When  the  projected  angular  dimension  of  a scatterer  subtends  more  than  a 3 dB  change 
in  the  illumination  amplitude,  computation  of  the  equivalent  electric  field  to  be  applied  to  each  scatterer 
requires  an  integration  of  the  elemental  gain  and  phase  over  the  projected  area  on  a plane  perpendicular 
to  the  line-of-sight.  Figure  7 gives  an  example  of  the  approach  where  the  scatterer  is  assumed  to  be  an 
ellipsoid  and  the  projected  area  is  assumed  to  approximate  an  ellipse.  An  ellipsoid  projects  into  the 
(fl»  V)  plane  with  its  major  axis  oriented  at  an  angle  ol  away  from  the  horizontal  reference  frame  of  the 
antenna.  The  projected  area  is  divided  into  equal  squares  between  ^ min  and  ^ max  which  delineates  the 
horizontal  extent  of  the  area.  An  equivalent  electric  field  intensity  (E  (p,  v))  is  computed  by  an  integra- 
tion of  the  incremental  illumination  amplitude  and  phase  plane. 


T 
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2.2  Radar  Modeling. 


The  transmitter  emulation  consists  of  an  identification  of  the  shape  for  the  transmitted  pulse 
and  the  particular  set  of  points  in  space  to  be  sequentially  scanned.  A rectangular  pulse  and  the  scan 
shown  in  Figure  8 were  used  to  obtain  the  results  to  be  described  later.  For  the  direct  path  propaga- 
tion a weighted  transmitted  pulse  is  convolved  with  the  target  response  to  form  the  steady-state  in- 
phase  and  quadrature  signals  represented  in  Equations  (3)  and  (4): 
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where  Pt  is  the  transmitted  peak  power,  Rn  is  the  range;  En  (jj,  V ) is  the  equivalent  electric  field  inten- 
sity; Xjj  is  the  wavelength,  associated  with  i,  j scan  numbers  shown  in  Figure  8;  Sn  is  the  monostatic 
radar  cross  section  for  one  part  of  the  target  ensemble  at  a wavelength  Xj,,  and  N is  the  number 
scatterers.  J 


Provision  has  been  made  so  that  a different  transmitted  wavelength  may  be  used  for  each 
sequentially  scanned  point.  This  option  allows  for  an  investigation  of  frequency  correlation  effects.  In 
the  results  to  be  described  later,  azimuth  scanning  was  based  on  phase  and  elevation  on  frequency. 

In  the  case  of  multipath  propagation  the  pulse  is  convolved  with  the  target  and  the  ground  spec- 
ular points  by  an  application  of  Equations  (S)  and  (6): 
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where  Em  (p,  V ) is  the  electric  field  intensity  illuminating  the  ground,  En  (ft,  V)  in  the  electric  field 
intensity  illuminating  the  target;  Sn  is  bistatic  target  radar  cross  section;  is  the  bistatic  ground 
radar  cross  section;  Rlm.  R2m«  anc*  R3m  are  the  bistatic  specular  point  ranges  from  the  antenna  to  the 
ground  to  the  target  and  back  to  the  antenna  respectively,  and  M is  the  number  of  elements  of  ground 
reflectors.  Equations  (3)  through  (6)  are  readily  derived  from  the  radar  range  equation  [Skolnik,  M.  I.  , 
1962], 


Before  the  aforementioned  summations  are  computed  the  signals  from  all  sources  are  sorted  out 
on  the  basis  of  ascending  range.  These  equations  represent  the  steady  state  computation  where  the  entire 
target  is  illuminated.  During  the  period  of  partial  illumination,  when  the  pulse  is  eclipsing  the  target  at 
the  front  or  rear,  a partial  sum  is  formed  in  the  aforementioned  equations.  It  can  be  seen  that  the  gran- 
ularity of  the  time  response  is  based  upon  the  spacial  location  of  the  reflective  surfaces. 

A coherent  receiver  emulation  performs  a vector  sum  of  the  receiver  noise  (Gaussian  amplitude 
and  uniform  phase)  and  signals  received  coincidentally  from  the  ground  and  the  target  in  two  gates  cen- 
tered on  a calculated  predicted  position.  In  most  cases  the  granularity  in  range  is  beyond  the  capability 
of  the  radar  due  to  the  time  response  of  the  intermediate  frequency  filter,  hence  a low  pass  equivalent 
filter  of  the  IF  filter  has  been  implemented. 

In  this  application  envelope  detection  was  performed  by  an  amplitude  integration  of  two  range 
gates.  Coincidence  detection  and  edge  point  algorithms  (as  described  by  Hammers  [Hammers,  D.  E.  , 
1976]  were  used  to  detect  the  presence  of  a target  and  determine  its  elevation  and  azimuth.  The  range 
was  calculated  by  use  of  the  integrated  sums  and  a calibration  table  as  an  adjustment  to  the  latest  pre- 
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dieted  range.  This  table  is  built  up  from  a priori  information;  i.  e.  , the  shape  of  the  transmitted  pulse 
and  the  transfer  function  of  the  IF  filter.  The  ability  to  compute  meaningful  range  information  is  con- 
sidered to  be  unique  to  this  simulation  in  that  a close  reasonable  range  facsimile  of  the  return  signal  is 
computed  for  each  transmitted  pulse.  This  is  considered  essential  in  the  development  of  tracking  algo- 
rithms when  the  desired  signal  is  corrupted  with  multipath  returns. 

Even  though  a particular  type  of  receiver  and  transmitter  were  simulated,  the  target  and 
ground  modeling  are  limited  only  by  the  restriction  that  the  pulselength  must  be  longer  than  the  target. 
Monopulse  systems  would  only  require  a change  to  the  antenna  and  receiver  modeling. 

2.3.  Multipath  Ground  Modeling. 

The  terrain  scatter  model  is  an  extension  of  the  work  done  by  Graf  and  Nagle  [Graf,  E.  R.  , 
1974],  who  applied  the  theories  of  Rice  [Rice,  S.  O.  , 1951]  and  Ruck  [Ruck,  G.  T. , 1970],  For  most 
radar  frequencies  the  wavelength  is  short  enough  so  as  to  require  two  types  of  surfaces  to  be  repre- 
sented. The  first  is  referred  to  as  a very  rough  surface  with  a RMS  height  variation  (h)  in  the  terrain 
greater  than  a wavelength  (-“£-  • h > 1).  At  this  end  of  the  roughness  scale  the  scattered  field  is  usu- 
ally considered  incoherent  and  dominated  by  specular  reflections.  The  second  type  of  surface  referred 
to  as  a slightly  rough  surface  ( • h<  1).  Here  the  scattered  field  is  considered  generally  more 

coherent  and  is  dominated  by  diffuse  reflections.  Ruck  typifies  the  composite  surface  reflection  as  a 
sum  of  both  types  of  terrain  scattering.  Phase  information  is  of  a random  nature  but  the  scattered 
power  can  be  computed  as  well  as  the  time  of  signal  return  for  a particular  illuminated  ground  patch. 
The  total  illuminated  area  is  defined  as  that  amount  of  surface  that  would  be  subtended  in  azimuth  by  the 
mainlobe  were  it  to  spotlight  the  terrain  with  a range  extend  defined  by  the  range  gate  of  the  radar 
receiver.  For  purposes  of  the  simulation,  the  surface  was  further  divided  into  equal  range  and  azimuth 
sectors  determined  by  the  range  and  azimuth  resolution  of  the  radar. 

From  Ruck  [Ruck,  G.  T.  , 1970]  the  terrain  scattering  equation  for  a slightly  rough  surface  is 
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Average  incoherent  scattering  cross  section  per 
unit  surface  area  where  p and  q represent  the  polari- 
zation states  of  the  scattered  and  incident  E-fields, 
respectively. 

Wave  number 

RMS  height  variation  of  the  surface  roughness 
Angle  between  incident  line-of-sight  and  the  terrain 
Angle  between  reflected  wave  and  the  terrain 


= Angle  between  the  plane  of  the  incident  wave  and 
the  reflected  wave.  (See  Figure  10.  ) 
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Polarization  dependent  variable 
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r = Surface  height  separation  between  two  points. 

P (r)  = Surface- height  correlation  coefficient 

Jq(x)  = Cylindrical  Bessel  function  of  order  zero 
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If  we  assume  a Gaussian  correlation  coefficient  model,  then 


I.lf 


exp 


-k  zlzaJ  + f 


where  / is  surface  correlation  length. 
When  Rjj  = -1  and  = 1,  then 

Sin 81  Sin  8a  - Cost’s 

“ vv  = 

Cos  6;  Cos  0g 


QL  - 

Sin$  s 

hv 

Cos8j 

a = 

-Cos  4> 

hh 

8 

-Sin*8 

vh 

Cos  8 

where  the  left  subscript  refers  to  the  polarization  of  the  scattered  wave  while  the  right  subscript  refers 
to  the  polarization  of  the  incident  wave.  The  equ:  tions  for  a in  the  general  case,  where  Rj  j **  -1  and 
R^*  1,  are  developed  in  Ruck  [Ruck,  G.  T.  , 197u],  The  scattering  matrix  for  circular  polarization  is 
then: 
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From  Ruck  [Ruck,  G.  T.  , 1970]  the  terrain  scattering  equation  for  a very  rough  surface  is 


yP9  = | Bjjq  | 2 J 
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Bpq  = Polarization  dependent  variable 
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For  linear  polarization  states  the  scattering  matrix  is 
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The  0 scattering  matrix  for  circular  polarization  is  the  same  as  that  given  for  a 


It  should  be  observed  that  when  vertical  or  horizontal  polarization  states  are  used  the  cross- 
polarized  scattering  was  assumed  to  be  negligible,  whereas  for  circular  polarization  it  is  assumed  that 
the  reflected  energy  is  evenly  divided  between  the  incident  polarization  state  and  the  cross  polarized 
product.  This  phenomenon  is  considered  to  occur  at  the  surface  reflection  points  as  well  as  the  target. 
Equations  (7)  and  (8)  are  used  to  compute  the  average  bistatic  scattering  cross  section  per  unit  area 
and  the  location  of  the  reflection  point  is  considered  to  be  at  the  center  of  each  subdivision  of  the  illu- 
minated area.  For  each  incremental  terrain  radar  cross-section  (<7m)  used  in  Equations  (5)  and  (6), 
the  sum  of  the  rough  and  slightly  rough  scattering  is  computed. 

The  properties  of  the  terrain  are  described  by  the  mean  square  surface  height  variation  (h^), 
the  correlation  length  (£),  and  the  Fresnel  reflection  coefficients  (R  j j , R3 ) as  defined  by  Equations  (9) 
and  (10).  If  the  incident  and  reflected  components  of  the  E-field  are  in  the  plane  incidence,  then 
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where  is  angle  of  incidence  as  depicted  in  Figure  9,  f r is  the  relative  permitivity,  and  fir  is  the  rel- 
ative permeability.  When  the  incident  and  reflected  components  of  the  E-field  are  normal  to  the  plane 
of  incidence,  then 
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For  Equations  (7)  and  (8),  it  was  assumed  that  Rj|  = -1  and  R|  = 1 which  implies  that  the  sur- 
face is  a perfect  conductor.  In  most  cases  the  surface  roughness  has  a more  pronounced  effect  on 
multipath  reflections  than  the  reflective  properties  of  the  terrain. 
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3.  AN  APPLICATION  OF  THE  SIMULATION 

All  of  the  aforementioned  modeling  was  developed  into  a computer  program.  The  results  to  be 
presented  represent  a very  small  fraction  of  the  potential  capability  of  this  simulation,  but  they  do 
indicate  -that  accurate  short  range  tracking  is  feasible. 

Table  1 lists  the  important  input  parameters  for  the  radar  and  the  geometry  and  the  target.  In 
Case  I we  assume  the  target  has  no  roll,  pitch,  or  yaw  rate  and  is  on  glideslope  with  negligible  multipath 
effects.  For  Case  II  we  assume  that  the  target  is  performing  the  indicated  maneuvers  and  that  the  main 
beam  of  the  antenna  is  grazing  the  terrain. 

3.  1.  Case  I. 

For  Case  I the  range,  elevation  and  azimuth  profiles  for  two  consecutive  frames  0.  5 seconds 
apart  are  depicted  in  Figures  10  through  14.  Figure  8 shows  the  geometry  of  the  scan  points  on  the  range 
profiles  in  respect  to  the  target  and  the  terrain,  whereas  the  elevation  azimuth  profiles  scan  all  the 
applicable  points  which  are  depicted  below  the  plots. 

The  primary  purpose  of  generating  range  profiles  was  to  be  able  to  compute  the  energy  in  a set 
of  consecutive  range  bins,  as  indicated  on  each  range  versus  signal  volts  graph,  because  the  accuracy  of 
range  tracking  is  based  on  computing  the  distribution  of  this  energy.  For  this  purpose  we  do  not  have  to 
produce  an  exact  replica  of  the  signal;  rather,  a close  reasonable  distribution  of  the  energy  is  desired. 

In  all  cases  the  granularity  of  the  synthetic  raw  data  is  much  greater  than  the  receiver  intermediate  fre- 
quency filter  can  resolve.  This  fact,  which  can  be  observed  by  contrasting  the  raw  data  with  the  filtered 
data,  is  a consequence  always  observed  for  a narrow  band  system  where  the  bandwidth  of  the  IF  approxi- 
mates the  reciprocal  of  the  pulsewidth.  It  also  should  be  noted  that  receiver  noise  has  been  added  to  the 
signal  as  well  as  that  portion  of  the  range  gate  where  there  is  no  signal  present. 

A high  degree  frame-to-frame  and  scan  point-to- scan  point  correlation  for  the  azimuth  range 
profiles  can  be  observed  with  a lesser  degree  observed  for  the  same  comparison  in  the  elevation  range 
profiles.  For  Case  I the  aircraft  is  approaching  the  radar  in  a fixed  straight  and  level  10°  noise  high 
attitude  where  the  azimuth  and  elevation  rate  of  change  are  very  close  (0.8  mills  per  second).  A notice- 
able difference  in  correlation  is  observed  when  the  top  and  bottom  elevation  range  profiles  are  compared 
with  the  correlation  of  the  right  and  left  azimuth  range  profiles  for  the  same  frame.  The  reason  for  these 
results  lies  in  the  fact  that  the  target  is  considerably  more  symmetric  in  azimuth  than  in  elevation  and 
this  is  accentuated  by  the  geometry  of  the  scenario. 

The  quantification  of  the  glint  phenomenon  can  be  readily  observed  in  the  elevation  profiles,  and 
to  a lesser  degree  in  the  azimuth  profiles,  where  both  spacial  and  time  glint  are  evident.  If  one  were  to 
boresight  track  this  target,  considerable  error  would  result.  In  the  case  of  edge  point  tracking  algorithm 
[Hammers,  D.  E.  , 1976],  we  assume  the  signal-to-noise  ratio  is  high  enough  so  that  the  target  edges 
can  be  measured  and  centroided  accurately  while  neglecting  the  larger  signal  amplitudes  associated  with 
target  center  tracking. 

The  quality  of  angle  track  is  dependent  on  the  slope  of  angle  profiles  near  some  threshold  value 
where  a large,  well-behaved  slope  of  the  signal  amplitude  versus  scan  angle  is  important.  If  the  slopes 
of  the  angle  profiles  are  well-behaved  with  the  event  of  time  and  the  energy  in  the  range  gate  is  about 
evenly  distributed,  RMS  tracking  errors  less  than  0.  5 mils  in  angle  and  3 meters  in  range  have  been 
obtained  at  ranges  between  10,000  meters  and  300  meters.  If  the  azimuth  and/or  elevation  profile  slopes 
flatten  or  the  symmetry  changes  with  time,  considerable  degradation  in  tracking  accuracy  can  be 
experienced. 


3.  2.  Case  II. 

Caae  II  is  identical  to  Case  I except  for  the  aircraft  dynamics  listed  in  Table  1 and  the  fact  that 
the  multipath  energy  is  not  neglected.  The  dynamics  are  typical  normal  movements  of  an  aircraft  where 
the  pilot  or  autopilot  is  maintaining  a course  in  a slightly  turbulent  environment.  The  starting  attitude 
is  the  same  for  Case  I and  Case  II.  In  Frame  5 the  aircraft  is  11.  69  degrees  nose  high  in  respect  to  the 
horizon,  0.83  degrees  to  the  right  of  the  heading  in  Case  I,  and  the  left  wing  is  rolled  up  3.  39  degrees. 

The  unfiltered  range  profiles  are  depicted  in  Figure  15  for  the  azimuth  scan  point  -73  and  ele- 
vation scan  point  110.  A comparison  of  the  same  azimuth  scan  point  in  Cases  I and  II  from  Frame  1 
indicates  a high  degree  of  correlation.  The  multipath  energy  shows  little  effect  because  the  azimuth 
scan  positions  are  far  enough  from  the  surface  of  the  terrain  so  that  only  the  lower  antenna  sidelobes 
illuminate  the  ground.  A comparison  of  the  same  azimuth  scan  point  for  Cases  I and  II  for  Frame  5 
show  a marked  difference  due  to  the  little  changes  in  aircraft  attitude.  It  is  clear  that  range  profiles 
can  quantify  time  glint  in  the  range  dimension  and  provide  a tool  for  range  tracking  evaluation. 

Figure  15  also  depicts  the  unfiltered  elevation  range  profiles  for  scan  point  110.  In  this  instance 
the  ground  illumination  is  the  result  of  the  mainlobe  at  a point  5.  5 dB  (one  way  power)  down  from  center 
gain.  In  most  cases  th>^  normal  blstatic  cross  section  for  each  scatterer  is  about  double  the  monostatic 
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cross  section  and,  in  this  case,  the  gazing  angle  is  less  than  1 degree.  As  a result,  multipath  energy 
is  comparable  to  the  direct  path  energy.  Considerable  time  glint  is  evident  when  Frame  1 is  compared 
with  Frame  5 but  the  significant  observation  is  the  amount  of  multipath  energy  in  the  rear  end  of  the 
range  gate  in  Frame  1.  This  phenomenon  could  seriously  degrade  range  tracking. 

The  azimuth  and  elevation  cross  range  profiles  are  portrayed  in  Figures  16  and  17.  A com- 
parison of  the  azimuth  profiles  of  Cases  l and  11  show  marked  difference  for  very  little  change  in  air- 
craft attitude;  hence,  considerable  time  glint  is  evident  in  the  azimuth  plane.  Even  more  noticeable  is 
the  st  iking  difference  between  Case  I Frame  I elevation  profile  and  Case  II  Frame  1.  Multipath  energy 
has  double  the  signal  amplitude  in  the  lower  arm.  When  the  elevation  profile  of  Case  II  Frame  1 is  com- 
pared with  Case  II  Frame  5 it  is  evident  that  multipath  problems  have  accentuated  the  problems  of  glint 
to  make  boresight  tracking  in  the  elevation  plane  extremely  difficult.  Of  significant  importance  is  the 
inversion  of  the  curve  slope  in  the  bottom  portion  of  the  scan  for  Frame  5. 

It  is  obvious  that  the  general  application  of  edge  point  tracking  in  all  directions  is  not  the  pan- 
acea to  the  problem  of  tracking  in  a multipath  environment.  One  might  try  top  edge  tracking  for  the 
elevation  plane  but,  at  this  time,  a grading  of  the  various  approaches  to  elevation  tracking  is  not  avail- 
able. For  the  present  there  are  no  quantitative  measurements  for  tracking  accuracy  in  the  case  of 
multipath.  The  maneuvering  aircraft  has  not  shown  any  noticeable  degradation  of  edge  point  tracking 
accuracies  as  listed  in  Case  1. 


4.  CONCLUSIONS  AND  FUTURE  CONSIDERATIONS 

With  the  event  of  high  resolution  tracking  radars,  demands  for  short  range  tracking  near  the 
terrain  has  developed.  The  complexity  of  problem  has  retarded  the  proper  evolution  of  an  adequate 
solution  to  the  problems  of  glint  and  multipath.  This  paper  has  shown  the  development  of  a tractable 
quantitative  approach,  whereby  the  radar  designer  can  design  his  radar  to  meet  the  problem.  With  this 
simulation  in  hand  he  can  try  out  special  waveforms,  frequency,  polarization  and  spacial  agility,  spec- 
ial adaptive  processing,  and  adaptive  tracking  algorithms. 

Although  the  primary  purpose  of  this  investigation  was  not  to  develop  target  statistics,  they  are 
an  inherent  dividend.  In  the  future  the  author  hopes  to  develop  some  statistical  modeling  for  fluctuating 
targets  when  the  radar  employs  polarization  and/or  frequency  agility.  Pulse-to-pulse  and  frame-to- 
frame  correlation  information  is  readily  available  from  the  program  also. 

Future  development  is  required  into  the  intrinsic  nature  of  glint.  Some  portion  of  the  glint 
statistics  might  be  separable  from  the  nature  of  the  target  while  the  remaining  portion  changes  measur- 
ably from  one  aircraft  to  another.  Also,  further  investigation  is  needed  to  develop  the  correlation  of 
glint  statistics  with  the  aircraft  dynamics.  Later  this  year,  dynamic  measurements  will  be  available 
for  correlation  of  the  simulation  model. 

Other  applications  include  the  investigation  of  special  waveforms  and  processing  techniques  for 
target  recognition  and  identification  radars.  For  this  purpose  it  should  be  possible  to  develop  the  fre- 
quency spectra  for  target  by  improvement  of  the  target  modeling. 

At  this  time  there  is  work  going  on  to  remove  the  only  major  limitation  of  this  investigation. 
Transient  impulse  response  functions  for  the  simple  shapes  are  being  used  to  develop  short  pulse 
response  functions  [Moffatt,  D.L.  , 1967].  Upon  a replacement  of  the  geometric  optics  radar  cross 
section  equations  with  these  time  response  equations,  the  assumption  that  the  radar  pulse  must  be  longer 
than  the  target  can  be  dropped.  This  approach  is  being  used  to  develop  a simulation  of  an  airport  surveil- 
lance radar. 
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TABLE  I 


Important  Input  Parameters  Applied  to  Simulation  Programs 


RADAR  PARAMETERS 


TERRAIN  PARAMETERS: 


CENTER  FREQUENCY 
BANDWIDTH 
TRANSMITTER  POWER 
LOSES  - RF  & PROCESSING 
PULSEWIDTH 
RECEIVER  GATEWIDTH 
NOISE  TEMPERATURE 
PRF 

DATA  RATE 


ANTENNA  PARAMETERS: 
GAIN 

BEAMWIDTH  AZIMUTH 
BEAMWIDTH  ELEVATION 
SIDELOBE  MAXIMUM 
ANTENNA  HEIGHT 


9100  MHz 
4 MHz 
120  KW 
5.65  dB 
37.5  METERS 
45  METERS 
30.71  dB 

4000  PULSES/SECOND 
10  FRAMES/SECOND 


ROUGH  SURFACE  RMS  HEIGHT  VARIATION 
ROUGH  SURFACE  CORRELATION  LENGTH 
SLIGHTLY  ROUGH  SURFACE  RMS 
HEIGHT  VARIATION 
SLIGHTLY  ROUGH  SURFACE 
CORRELATION  LENGTH 
REFLECTION  COEFFICIENTS 


0.05  METERS 
0.5  METERS 

0.0025  METERS 

0.025  METERS 
R1  - 1.  Rn  ■ -1 


SCENARIO  PARAMETERS: 


CASE  I CASE  II 


39  dB 
1. 1°  MAX. 
0.7°  MAX. 
-18  dB 
2.4  METERS 


INITIAL  RANGE 
INITIAL  ALTITUDE 
INITIAL  VELOCITIES 


INITIAL  ACCELERATIONS 


2200  METERS  2200  METERS 
30  METERS  30  METERS 

-60  METERS  PER  SECOND 
-5  METERS  PER  SECOND 
0 
0 


TARGET  DYNAMICS 

CASE  I CASE  II 


PITCH  RATE  OF  CHANGE 
PITCH  MEAN  ATTITUDE 
PITCH  MAXIMUM  ATTITUDE 
PITCH  MINIMUM  ATTITUDE 
ROLL  RATE  OF  CHANGE 
ROLL  MEAN  ATTITUDE 
ROLL  MAXIMUM  ATTITUDE 
ROLL  MINIMUM  ATTITUDE 
YAW  RATE  OF  CHANGE 
YAW  MEAN  HEADING 
YAW  MAXIMUM  HEADING 
YAW  MINIMUM  KADINC 
GLIDE  SLOPE  DEVIATION  RATE 
MEAN  DEVIATION 

MAXIMUM  DEVIATION 

MINIMUM  DEVIATION 


0 

+ 10P  ABOVE  TFC  HORIZON 
+ 10°  ABOVE  THE  HORIZON 
+ 10°  ABOVE  THE  HORIZON 
0 

0°  RESPECT  TO  THE  HORIZON 
0°  RESPECT  TO  THE  HORIZON 
0°  RESPECT  TO  THE  HORIZON 
0 

ON  RUNWAY  HEADING 
ON  RUNWAY  HEADING 
ON  RUNWAY  HEADING 
0 

AIRCRAFT  CENTER  Of  GRAVITY  ON 
GLI  DESLOPE 

AIRCRAFT  CENTER  OF  GRAVITY  ON 
GLI DESLOPE 

AIRCRAFT  CENTER  OF  GRAVITY  ON 
GLI DESLOPE 


1.5  RAD  IANS /SECOND 
+ 10°  ABOVE  THE  HORIZON 
13°  ABOVE  THE  HORIZON 
7°  ABOVE  THE  HORIZON 

1.5  RADIANS/ SECOND 
0°  RESPECT  TO  THE  HORIZON 
+ 6°  RESPECT  TO  THE  HORIZON 
-6°  RESPECT  TO  HORIZON 

1.5  RADIANS/ SECOND 
ON  RUNWAY  HEADING 
+ 1.5°  FROM  RUNWAY  HEADING 
-1.5°  FROM  RUNWAY  HEADING 

1.5  RADIANS/ SECOND 
AIRCRAFT  CENTER  OF  GRAVITY  ON 
GLI  DESLOPE 

+ 2.44  METERS  IN  y AND/OR  z 
COORDINATES 

-2.44  METERS  IN  y AND/OR  z 
COORDINATES 
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SYNTHETIC  STATIC  RCS 
OF  A BQM34A  DRONE 
10  JULY  1975 
FREQUENCY  5500  MHz 
0°  ROLL  0°  PITCH 
FIGURE  8 


CALIBRATION  REFERENCE 
LEVEL  +81dBsmHjjf;: 


AZIMUTH  ANGLE  (DEGREES) 


Fig. 5 Synthetic  and  measured  radar  cross  sections  (BQM-34  A drone) 
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Fig. 6 Problem  geometry 
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Fig. 9 Ground-reflection  coordinates 
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SIGNAL  RANGE  PROFILE 

SYNTHETIC  DATA  CASE  I 


Fig.  1 1 Signal  range  profile  for  the  right  azimuth.  Case  I 
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ELEVATION  SCAN 
POINT  110 
T - 0.5  SEC 


FRAME  1 


FILTERED 
ELEVATION  SCAN 
POINT  110 
T - 0.0  SEC 


UNFILTERED 


METERS 

TWO-WAY  RANGE 


SPLIT  RANGE  GATE 


Fig.  1 2 Signal  range  profile  for  the  lower  elevation.  Case  I 
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Fig.  13  Signal  range  profile  for  the  upper  elevation,  Case  I 
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Fig.  14  Cross  range  profiles,  Case  I 
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COHERENT  INFRARED  RADAR* 


Robert  H.  Kingston  and  Leo  J.  Sullivan 
Lincoln  Laboratory,  Massachusetts  Institute  of  Technology 
Lexington,  Massachusetts,  U.  S.  A. 


SUMMARY 


Infrared  radar  operating  in  the  coherent  mode  has  many  similarities  to  standard 
microwave  radar  although  the  much  shorter  wavelength  and  the  use  of  lasers  results  in 
several  major  differences  in  system  design.  In  this  paper,  we  describe  a coherent  radar 
system  operating  at  a wavelength  of  10.6  micrometers  or  approximately  0.01  mm,  using  an 
ultra-stable  CO,  laser  oscillator  and  one  kilowatt  amplifier.  Although  limited  to  clear 
weather  conditions,  the  high  Doppler  sensitivity,  2 kHz/cm/sec,  and  narrow  beamwidth,  10 
microradians  result  in  extremely  precise  velocity  and  angle  measurements.  The  critical 
components  of  the  system  are  reviewed  as  well  as  the  special  properties  and  techniques 
peculiar  to  this  wavelength  region.  The  overall  system  is  described  as  well  as  recent 
experiments  utilizing  the  retroreflector-equipped  GEOS-C  satellite. 


1.  RADAR  CONSIDERATIONS  AT  INFRARED  WAVELENGTHS 


The  extremely  short  wavelength  of  the  infrared  radar  results  in  two  significant 
phenomena  not  applicable  to  microwave  systems.  First,  the  short  wavelength  results  in 
an  extremely  narrow  beamwidth,  (X/D) , for  reasonable-sized  transmi t - receive  apertures 
in  a coherent  system.  As  an  example,  at  a wavelength  of  10  micrometers,  the  one  meter 
aperture  used  in  the  present  system  results  in  a beamwidth  of  10  microradians  or  2 arc-sec 
This  beamwidth  is  comparable  with  typical  angle-of -arrival  fluctuations  due  to  atmospheric 
turbulence,  (GILMARTIN,  T.  J.  and  HOLTZ,  J.  Z.,  1974)  and  effectively  places  an  upper 
limit  on  usable  aperture  size.  At  the  same  time,  using  such  a large  aperture  for  op- 
timum sensitivity,  the  target  tracking  must  be  extremely  precise  and  capable  of  tracking 
out  the  angular  fluctuations  associated  with  the  atmosphere.  These  fluctuations  for- 
tunately occur  at  rates  less  than  10  Hz  and  as  will  be  discussed  later,  can  be  compensated 
for  in  a wel 1 -designed  system. 

The  second  important  consideration  in  an  infrared  coherent  system  is  the  high  ratio 
of  Doppler  shift  to  target  velocity.  In  the  10  micrometer  case  this  ratio  is  2 kHz  fre- 
quency shift  per  cm/sec.  As  a result,  especially  for  satellites,  the  Doppler  shift  is 
many  orders  of  magnitude  greater  than  the  matched  spectral  bandwidth  for  typical  radar 
pulse  widths.  In  our  satellite  observations,  the  Doppler  shift  may  be  as  high  as  1000  MHz 
for  low  elevation  angles  while  the  pulse  width,  from  1 to  4 milliseconds  corresponds  to 
a matched  bandwidth  of  the  order  of  1 kHz  or  less.  Thus,  the  radar  system  must  have  pro- 
vision for  searching  or  designating  in  frequency  as  well  as  angle,  in  order  to  obtain  op- 
timum signal -to-noise  performance  in  the  receiver. 


2.  SYSTEM  DESCRIPTION 


A simplified  schematic  of  the  radar  system  is  shown  in  Fig.  1,  where  the  wavy  lines 
indicate  the  optical  path  and  the  solid  lines,  electrical  signal  flow.  Although  the 
Doppler  shifts  on  all  moving  targets  yield  an  adequate  frequency  offset  in  the  heterodyne 
detector,  a frequency-shifted  local  oscillator,  offset  by  10  MHz,  is  used  to  allow  ob- 
servation of  stationary  calibration  targets.  Many  of  the  components  shown  are  described 
in  more  detail  below  and  are  similar  in  many  respects  to  those  in  a microwave  radar  system 
One  exception  is  the  so-called  "aberration"  corrector,  which  is  a computer-controlled 
mirror  that  corrects  for  the  finite  transit  time  to  and  from  the  target.  The  aberration 
effect  was  first  studied  in  classical  astronomy  and  is  associated  with  the  physical  motion 
of  the  target  during  the  time  of  flight  of  the  light  wave  from  target  to  telescope.  In 
the  case  of  satellite  observations  the  transmit  beam  must  lead  the  target  by  this  aberra- 
tion angle  and  the  receive  must  lag  by  the  same  angle.  The  angle  in  each  case  is  given 
by  the  ratio  of  the  transverse  target  velocity  to  the  velocity  of  light.  In  our  system 
the  corrector  mirror  must  displace  the  received  beam  by  twice  this  angle  with  respect  to 
the  transmitter  boresight  angle.  For  a satellite  in  low-altitide  orbit,  with  velocity  of 
8 km/sec,  this  angle  is  SO  microradians  at  closest  approach,  or  five  beamwidths.  The 
correction  is  thus  essential  for  satisfactory  system  operation. 

2.1.  Oscillators 

For  the  ultimate  in  Doppler  precision  the  short-term  stability  of  the  master  and 
local  oscillators  in  the  radar  system  should  be  at  least  the  inverse  of  the  pulse  width, 
and  in  the  limit  of  pulse-to-pulse  coherent  Doppler  measurements  should  be  less  than  the 
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frequency  spread  introduced  by  atmospheric  fluctuations.  For  pulses  up  to  4 milliseconds, 
this  yields  a requirement  of  250  Hz  stability,  while  current  estimates  of  atmospheric 
phase  fluctuations  yield  a lower  limit  of  the  order  of  10  Hz.  The  oscillators  used  in 
our  system  are  of  the  design  shown  in  Fig.  2,  a sealed-off  low-pressure  C02  laser  with 
5 watts,  s ingle  - frequency , single  spatial  mode  output  (FREED,  C.,  1968).  ^Measurements 
in  a quiet  laboratory  environment  yield  short  term  stability  for  this  type  of  laser  of 
the  order  of  10  Hz,  as  shown  in  Fig.  3,  which  displays  the  beat  frequency  spectrum  be- 
tween two  independent  lasers  operating  with  no  external  tuning  control.  In  actual  system 
use,  we  have  observed  frequency  stability  of  approximately  1 kHz  over  the  same  observation 
time,  currently  limited  by  the  vibrational  and  acoustical  environment  at  the  radar  facil- 
ity. This  stability  is  adequate  for  millisecond  pulse  operation,  and  improved  isolation 
should  yield  the  ultimate  stability  of  10  Hz.  In  the  system  shown  in  Fig.  1,  the  local 
oscillator  is  slaved  to  the  master  oscillator  using  a piezo-electric  driven  tuning  mirror. 
The  frequency  stability  of  this  locked  loop  is  of  the  order  of  2 Hz,  so  that  the  actual 
frequency  resolution  of  the  system  is  limited  by  random  frequency  fluctuations  of  the 
master  oscillator  over  the  round-ttip  time  to  and  from  the  target,  of  the  order  of  10 
mi  1 1 i seconds . 

2.2  Isolator 

To  reduce  the  effects  of  backscattered  radiation,  especially  from  vibrating  objects 
in  the  beam  path,  an  isolator  is  used  to  maintain  the  stability  of  the  master  oscillator. 
Figure  4 is  a schematic  diagram  of  such  a device  using  Faraday  rotation  of  free  electrons 
in  the  semiconductor,  indium  antimonide  (DENNIS,  J.  H.,  1967).  A practical  device  can 
handle  beam  powers  of  10  watts  and  yields  a reverse  isolation  of  20  to  25  db,  limited  in 
the  case  shown  by  the  rejection  of  the  Brewster  angle  polarizers. 

2.3  Duplexer 

In  contrast  to  microwave  systems,  there  is  no  simple  gas -discharge  device  which 
can  adequately  protect  the  heterodyne  detector  from  the  transmitted  beam  power.  As  a 
result,  the  present  most  effective  system  is  a rotating  disk,  synchronized  with  the  radar 
pulse  repetition  frequency.  During  transmission  of  the  pulse  an  opening  in  the  disk  al- 
lows the  beam  to  propagate  to  the  pointing  mount,  while  during  the  reception  period,  a 
highly  reflective  surface  on  the  disk  reflects  the  beam  onto  the  receiver  optics.  For- 
tunately the  repetition  frequency,  from  50  to  200  Hz,  is  low  enough  so  that  the  angular 
velocity  (several  thousand  rpm)  is  not  a serious  mechanical  design  problem.  Since  the 
beam  is  focussed  to  a spotsize  of  a millimeter  the  switching  action  is  also  rapid  in  com- 
parison with  the  pulse  repetition  interval.  A typical  disk  is  50  cm  in  diameter  and  con- 
tains. four  equally  spaced  curved  slots,  each  22.5“  in  extent,  corresponding  to  a 251  duty 
cycle  for  the  transmit  mode. 

2.4.  Amplifier 

The  master  oscillator  used  in  the  radar  system  is  a longer  version  of  the  unit 
shown  in  Fig.  2 and  delivers  approximately  10  watts  to  the  amplifier  after  passage  through 
the  isolator  and  a second  set  of  slots  in  the  duplexer.  This  latter  switching  of  the  os- 
cillator input  is  necessary  to  prevent  the  transmitter  output  from  illuminating  the  du- 
plexer disk  during  the  receive  mode.  The  amplifier  is  a low-pressure  longitudinal  dis- 
charge CC>2  system  with  a maximum  output  power  of  1 kW  when  driven  with  10  watts  input 
(MILES,  P.  A.  and  LOTUS,  J.  W. , 1968).  The  actual  output  power  can  be  varied  by  adjusting 
the  gas  mix,  (carbon  dioxide,  helium  and  nitrogen)  flowing  in  the  system. 

2.5.  Detection  System 

« 

The  detection  system  utilizes  the  coherent  heterodyne  mode  (TEICH,  M.  C.,  1968) 
and  as  shown  in  Fig.  5,  four  separate  detector  elements  provide  both  signal  amplitude 
and  monopulse  error  signals  for  tracking.  The  target  return  beam  is  shown  distorted  to 
indicate  the  effects  of  the  atmosphere  on  the  focussed  received  signal  wave.  The  mer- 
cury cadmium- tel lur ide  detector  (SPEARS,  D.  L. , 1976)  operates  at  liquid  nitrogen  tem- 
perature and  has  a frequency  response  more  than  adequate  to  cover  the  required  Doppler 
range.  In  addition  the  size  of  the  four  element  novice  9.3  mm  diameter,  and  the  thin 
structure  result  in  excellent  isolation,  greater  than  3o  d!<,  between  individual  elements 
even  at  frequencies  greater  than  1 GHz.  The  sensitivity  of  10" 1 ’watts/Hz  is  within  a 
factor  of  5 of  ideal,  P * hvB,  the  limitat’  u be:  ing  an  approximately  501  quantum  effi- 
ciency and  the  added  noise  from  the  broadband  preamplifier  following  each  det»-ctor  ele- 
ment. Figure  6 shows  the  frequency  conversion  scheme  used  iii  each  detector  c .annel  and 
indicates  the  technique  for  cancelling  out  the  Doppler  shift  before  final  signal  pro- 
cessing. The  frequency  synthesizer  may  be  computer-directed  using  Doppler  information 
from  a microwave  radar,  or  alternatively,  frequency  discrimination  in  the  final  i.f.  stage 
may  be  used  for  closed-loop  frequency  track.  In  any  event,  the  fi*.al  output  ir  processed 
in  a filter  bank  with  1 kHz  resolution  for  real-time  observa' ion  and  also  recorded  for 
later  data  analysis. 

2.6.  Pointing  Mount 

As  shown  in  Fig.  7,  the  final  t ransmi t - receive  apoi  i > s one  meter  steerable 

mirror  which  expands  the  beam  frost-  an  initial  diazietei  of  I'  to  the  f’nai  full  aper- 
ture size.  The  15  cm  beam  is  obtained  by  recollimating  *\ie  output  beam  from  the  duplexei 
and  is  then  transmitted  by  means  of  folding  m;rro»-J  through  the  center  of  the  azimuth 
platform,  horizontally  and  vertically  to  the  elevation  axis,  and  thence  to  the  secondary 
by  means  of  a folding  mirror  in  front  of  the  primary.  Tbs  vertical  horizontal  folding 
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mirror  on  the  elevation  axis  has  a separate  servo  pointing  system  for  fine  tracking  and 
narrow  angle  beam  scanning. 


3.  GEOS- I I I TRACKING  EXPERIMENTS 


As  an  example  of  the  capability  of  this  system,  tracking  experiments  have  been 
carried  out  using  the  GEOS-III  satellite  as  a target.  This  satellite  is  equipped  with 
a corner  cube  retroreflector  having  an  effective  radar  cross-section  at  10  micrometers 
of  approximately  10J  square  meters.  The  tracking  technique  is  shown  schematically  in 
Eig.  8,  and  uses  input  information  obtained  from  an  adjacent  microwave  radar  which  sup- 
plies medium-precision  range,  angle,  and  range  rate  data.  This  input  data  is  smoothed 
in  a Kalman  filter  and  is  used  to  direct  the  main  pointing  mount,  while  the  monopulse 
error  signal  from  the  infrared  radar  drives  the  vernier  pointing  mirror  after  appropriate 
filtering.  Initial  angle  biases  between  the  microwave  and  infrared  systems  are  removed 
by  TV  observation  of  the  satellite  with  the  visible  optics  shown  on  the  top  of  the  mount. 
Figure  9 shows  the  results  of  a 20-second  track  of  the  satellite,  while  at  a range  of  ap- 
proximately 1000  km.  The  upper  graphs  are  the  total  residual  errors  from  a smooth  orbit 
fit  obtained  by  summing  the  angular  position  of  the  vernier  mirror  and  the  monopulse  error 
angle  output.  They  thus  represent  the  fluctuation  of  the  smoothed  angle  inputs  from  the 
microwave  radar  combined  with  angle-of -arrival  jitter  associated  with  atmospheric  tur- 
bulence. The  lower  graphs  show  only  the  monopulse  error,  indicating  a track  of  the  ap- 
parent position  of  the  satellite  with  a standard  deviation  of  1 microradian.  It  may  be 
seen  that  the  vernier  mirror  loop  has  tracked  out  a majority  of  those  errors  having  fre- 
quencies up  to  2 Hz,  with  the  remaining  higher  frequency  errors  similar  in  magnitude 
to  the  non-tracked  case.  The  2Hz  limit  to  the  tracking  correction  is  consistent  with  the 
measured  servo  response  of  the  vernier  mirror. 


4.  CONCLUSION 


Further  experiments  are  planned  to  demonstrate  the  extremely  precise  metric  capa- 
bility of  the  radar  system.  These  include  precision  angle  as  well  as  Doppler  measure- 
ments on  targets  such  as  the  GEOS-III  satellite.  In  addition,  upon  demonstration  of  fre- 
quency stability  of  10  Hz  or  less,  the  behavior  of  the  atmosphere  will  be  measureable  in 
terms  of  the  phase  fluctuation  as  well  as  the  angle-of -arrival  effects.  We  are  indebted 
to  all  our  colleagues  in  the  infrared  radar  group  for  the  results  reported  and  in  parti- 
cular to  R.  Teoste  for  the  monopulse  tracking  experimental  data. 
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Figure  1.  Infrared  Radar  System  Design 
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Figure  5.  Detector  Array 
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Figure  6.  Detector  Frequency  Conversion  System 


figure  8.  Satellite  Tracking  lixperiment 
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DISCUSSION 


J M COOK: 

L J SULLIVAN: 

A L C QUIGLEY: 
L J SULLIVAN: 

W KOETHMANN: 

L J SULLIVAN: 

Y BRAULT: 

L J SULLIVAN: 


What  la  the  lifetime  of  the  sealed-off  CO^  laser  oscillator? 

For  the  oscillator,  about  1)  months.  The  amplifier  Is  a continuous  flow  system 
and  has  a much  longer  life. 

What  Is  the  range  measurement  accuracy  as  observed  at  the  Input  and  output  of  the 
Kalman  filter?  One  would  expect  the  filter  to  give  a great  Improvement  by  virtue 
of  Its  full  coupling  and  the  high  accuracy  of  angle  and  doppler  measurement. 

Due  to  the  wide  pulse  width  (1  to  4 milliseconds)  the  accuracy  In  range  Is  very 
approximately  1 to  2 kilometres.  The  range  accuracy  at  the  output  of  the  Kalman 
filter  can  approach  a few  metres  as  the  radar  tracks  over  an  Increasing  segment 
of  the  orbit  within  the  angular  coverage  of  the  radar  due  to  the  Integrated  effect 
of  the  high  resolution  doppler  data. 

Can  you  give  an  Indication  of  the  system  losses  (transmitter,  telescope,  receiving 
'"‘fdlode)? 

I ' 

Th«*  transmitting  losses  due  to  the  optical  path  are  very  approximately  1 dB.  The 
loss  In  the  receiving  path  Is,  perhaps,  2 dB.  'Hie  stated  detector  sensitivity 
-19 

of  10  watts  per  Hz  In  terms  of  minimum  detectable  power  per  unit  frequency 
Interval  already  takes  Into  account  the  fact  that  the  detector  performance  Is 
approximately  1/5  the  theoretical  value  given  by  Pmin  “ hvB. 

Pouvez  vous  nous  lndlquer  l'attenuatlon  en  function  de  l'humldlte? 

The  atmospheric  attenuation  Is  due  to  molecular  absorption  In  CO^  and  HjO  vapour. 
While  the  attenuation  Is  essentially  constant,  that  due  to  H2O  vapour  Is 

dependent  on  the  humidity  and  temperature  and  can  be  as  much  as  approximately 
1.5  dB/Km  one  way  for  high  humidity  levels. 
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APPLICATIONS  DU  LASER  DANS  LE  DOMAINE 
DCS  TECHNIQUES  RADAR 


P.  TREVOUX 

COMPAGNIE  INDUSTRI ELLE  DES  LASERS 
91460  MARCOUSSIS 
FRANCE 


RESUME 


Le  laser  donne  la  possibility  d'etendre  les  techniques  RADAR  vers  des  longueurs  d'onde 
beaucoup  plus  courtes,  du  spectre  visible  ou  infra-rouge.  II  cermet  d'obtenir  de  grandes  directivites 
4 1'emission  et  4 la  reception  avec  un  encombrement  et  un  poids  beaucoup  plus  faibles. 

Le  laser  est  actuellement  couramment  utilise  dans  les  telemetres.  II  est  en  cours  d'ex- 
perimentation  plus  ou  moins  avancee  dans  d'autres  applications  telles  que  la  detection  d'obstacles  et 
1 'anti-col  1 ision,  la  surveillance  et  la  reconnaissance  du  terrain,  la  detection  de  la  turbulence  en 
ciel  clair. 


Nous  decrivons  plus  particul ierer ant  les  possibilites  du  laser  pour  les  applications  sui- 

vantes  : 

- le  guidage  sur  cible  designee  par  laser 

- la  trajectographie  d'aeronefs  avec  poursuite  automatique 

- la  detection  et  la  poursuite  de  cibles  basses  dans  le  cadre  d'une  defense  anti-aerienne. 

I - INTRODUCTION 

L'apparition  du  laser  comme  source  d'ondes  eiectromagnetiques  coherentes  offre  de  nouvelles 
possibilites  techniques,  en  particulier  dans  le  domaine  des  applications  radar. 

Rappelons  tres  brievement  ce  qu'est  le  laser 

. Le  laser  est  une  source  de  rayonnement  electromagnetique  coherent,  dont  la  longueur  d'onde 
s'etend  de  l'ultraviolet  4 1 'infra  rouge,  en  passant  par  le  visible. 

Certains  milieux  actifs,  convenablement  excites,  peuvent  devenir  amplificateurs  par  un  me- 
canisme  d'emission  stimuli  Ce  milieu,  place  dans  une  cavite  resonnante  4 faibles  pertes,  devient  le 
siege  d'une  oscillation  qui  peut  etre  coupiee  vers  le  milieu  exterieur  sous  forme  d'un  faisceau  paralie- 

le  et  monochromatique. 

Les  lasers  different  par  : 

- le  milieu  actif  ou  amplificateur,  qui  peut  etre  un  gaz,  un  solide  (cristal  ou  verre)  ou 

un  liquide, 

- le  mode  d’excitation  du  milieu  actif  qui  peut  etre  : 

. une  decharge  eiectrique  dans  les  gaz 

. une  illumination  intense  par  une  lumiere  incoh6rente  que  le  milieu  absorbe 
. un  courant  eiectrique  dans  un  semi-conducteur. 

Les  lasers  peuvent  fournir  une  emission  continue  ou  impulsionnelle  suivant  les  applica- 
• ; jns  ei  visagees. 

Le  tableau  I donne  quelques  exemples  des  lasers  les  plus  courants. 

Quel les  sont  les  proprietes  pratiques  les  plus  importantes  des  lasers  pour  le  domaine  d 'ap- 
plications qui  nous  1nt6resse  ? 

r Par  rapport  aux  radars  classiques,  11s  se  caracterisent  par  une  longueur  d'onde  de  l'ordre 

df  I?3  foi"  plus  courte.  Cette  onde  electromagnetique  de  faible  longueur  d'onde  permet  d'obtenir  une 
tres  grande  directivite  du  faisceau  emis.  A dimensions  d'aeriens  egales,  la  directivity  serait  de  Tor- 
dre  de  ID5  tois  plus  grande  que  celle  des  radars  microondes.  II  est  done  possible  d'avoir  de  grandes 
diructi/ites  a remission  et  4 la  reception  avec  un  materiel  d' encombrement  et  de  poids  beaucoup  plus 
faibles.  i 

Cette  grande  directivity  permet  : 

- dt  selectlonner  des  cibles  de  faibles  dimensions,  de  dfflnir  avec  precision  un  objectif, 
une  direction, 

- de  s'affranchlr  des  echos  parasites  dus  4 1 'envlronnement  de  la  cible  ou  du  sol  lorsque 
celle-cl  est  4 tres  basse  altitude. 
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La  reception  peut  se  faire  avec  une  grande  sensibilite.  Par  contre,  la  portee  des  lasers 
est  tres  sensible  aux  conditions  de  transmission  atmospherique  et  se  trouve  limitee  a la  portee  opti- 
que.  Mais  dans  beaucoupTe  cas,  la  cible  est  "selectionnee  par  visSe  optique  et  le  laser  suffit  alors 
pour  atteindre  une  portae  au  moins  egale  4 la  limite  de  visibilite. 

II  - GENERALITES 


Le  laser  peut  etre  utilise,  comme  un  radar,  pour  emettre  et  recevoir  1 'information  lumineu- 
se  qui,  au  retour,  est  module  par  les  obstacles  rencontres,  permettant  ainsi  de  les  detecter,  d'en  me- 
surer  certaines  caracteristiques  et  les  poursuivre. 

11. 1 - L'application  la  plus  repandue  actuel lement  du  laser  est  le  telemetre,  dont  le  principe  est 

celui  du  radar  : la  mesure  de  distance  d'une  cible  s'effectue  en  determinant  le  temps  t mis  par  l'impul- 
sion  laser  tres  breve  (15  4 30  nanosecondes)  pour  aller  se  refiechir  sur  1 'obstacle  et  revenir.  La  figu- 
re 1 repr^sente  le  schema  de  principe  d'un  tel  telemetre.  La  figure  2 represente  un  teiemetre  aeroporte 
fabrique  actuellement  en  serie  par  CILAS.  II  s'agit  d'un  laser  4 verre  dope  au  neodyme  (figure  3)  et 
dont  les  performances  sont  les  suivantes  : 

Energie  par  impulsion  100  millijoules 

Puissance  Crete  4 Megawatts 

Divergence  de  sortie  du  systeme  optique  0,7  milliradian 
Intervalle  minimal  entre  impulsions  1 seconde 

Nombre  d' impulsions  par  minute  12 

Gamme  de  temperature  - 40°  a + 70°C 

La  portee  de  ces  telemetres,  fonction  des  conditions  atmospheriques,  peut  atteindre  20  km 
par  tres  bonne  visibilite. 

Dans  le  meme  ordre  d'idees.le  laser  permet  en  instrumentation  aeroportee  de  r6aliser  des 

altimetres. 

11. 2 - D'autres  applications,  en  cours  d 'experimentation  peuvent  etre  citees  brievement  : 

- La  finesse  du  pinceau  laser  peut  etre  utilisee  pour  la  detection  d'obstacles,  l'anti- 
collision  et  le  suivi  de  terrain,  en  particulier  pour  les  vols  a basse  altitude.  Dans 
ce  domaine,  1'efficacite  des  lasers  s'est  r6veiee  superieure  a celle  des  radars  micro- 
ondes  ou  millimetriques. 

- II  peut  egalement  servir  a detecter  des  turbulences  risquant  de  provoquer  des  contraintes 
dangereuses  pour  les  structures  des  avions.  Dans  ce  cas,  le  laser  mesure  la  vitesse  des 
particules  dans  la  zone  de  turbulence. 

Pour  ces  deux  premiers  groupes  d'applications,  les  lasers  utilises  sont  les  lasers  a YAG 

ou  a C02- 

- Le  pinceau  laser  balayant  le  terrain  et  la  lumiere  refiechie  etant  moduiee  par  le  sol, 
permet  de  reconstituer  une  image  de  celui-ci  et  d'effectuer  de  la  surveillance  et  de  la 
reconnaissance.  De  grands  pouvoirs  de  resolution  peuvent  etre  obtenus  (1cm)  avec  des  op- 
tiques  de  faible  ouverture  (10  cm). 

Dans  ce  domaine,  ce  sont  les  lasers  a gaz  Helium-Neon  qui  ont  d'abord  6te  utilises  ainsi 
que  les  lasers  a semiconducteurs  qui  doivent  encore  orogresser. 

11. 3 - Nous  decrirons  ci-dessous  plus  en  details  les  applications  suivantes  du  laser  qui  reievent 

toutes  de  la  poursuite  optique. 

Le  faisceau  laser  a 6te  utilise  dans  des  systemes  de  guidage  aussi  bien  dans  des  applica- 
tions civiles  que  militaires.  Deux  principes  peuvent  etre  retenus  : 

- le  guidage  sur  faisceau  laser,  qui  sert  de  reference  pour  le  recepteur  du  systeme 
a guider, 

- le  gujdage  sur  cible  illuminee:dans  ce  domaine,  nous  decrirons  les  applications  suivantes 

. le  guidage  d'engins  sur  cibles  designees  par  laser 
. la  trajectographie  d'aeronefs  ou  d’engins 
. les  applications  dans  le  cadre  de  la  defense  anti- aerienne 

III  - DESIGNATION  D'OBJECTIFS  ET  GUIDAGE 


On  peut  schematiser  le  fonctionnement  de  la  fagon  suivante  : 

- un  observateur  (heiicoptere,  avion,  fantassin)  equipe  d'un  emetteur  laser  dirige  le  fais- 
ceau par  vis6e  optique  sur  la  cible  choisie 

- 1'objectif  ainsi  designe  est  detecte  et  situe  par  rapport  4 un  systeme  de  reference.  L'in- 
formation  ainsi  obtenue  peut  servir  4 visualiser  le  point  designe  et  4 realiser  le  guida- 
ge d'une  bombe  ou  d'un  missile  sur  la  cible. 
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Le  m4me  laser  peut  donner  une  information  de  teiAmAtrie  pour  declencher  le  tir  i la  distan- 
ce correcte  de  la  cible. 

Ces  princlpes  sont  appliques  par  exemple  dans  le  systeme  reprAsent6  sur  la  figure  4. 

La  cible  est  choisie  et  designee  par  1'opArateur  i une  camera  de  television  qui  est  asso- 
ciee  i un  systeme  double  de  poursuite  (par  correlation  et  par  contraste)  : le  pointage  du  faisceau  la- 
ser sur  la  cible  sera  maintenu  automatiquement,  sans  intervention  du  pilote,  quelles  que  soient  les 
evolutions  de  l'avion. 

Ce  systeme,  monte  dans  une  nacelle  adaptable  S de  nombreux  types  d'appareils,  est  employe 
en  liaison  avec  un  autodirecteur  equipant  divers  types  d'engins  (missiles,  roquettes,  bombes).  GrSce 
a certains  perfectionnements,  le  guidage  peut  se  poursuivre  lorsque  l'avion  effectue  son  virage  de  dA- 
gagement  pour  echapper  a la  defense  ennemie. 

Ces  dispositifs  sont  couramment  equipes  de  lasers  a YAG  dope  au  neodyme,  dont  la  longueur 
d'onde  d'emission  1,06, urn  est  discrete.  Ces  lasers  ont  une  puissance  Crete  eievee  (jusqu'a  10  MW),  une 
faible  divergence  (de  1'ordre  de  quelques  diziemes  de  milliradian  apres  afocal)  et  une  cadence  de  repe- 
tition pouvant  atteindre  aisement  20  Hz.  La  cadence  de  remission  peut  etre  co dee,  par  exemple  par  l'in- 
termediaire  de  la  commande  eiectronique  du  d6clenchement  Alectro-optique  du  laser. 

Dans  certains  equipements,  le  laser  est  associe  a un  systeme  infra-rouge  qui  visualise  le 
paysage  pour  l'operateur  et  lui  permet  de  seiectionner  la  cible. 

IV  - TRAJECTOGRAPHIE  PAR  LASER 


Dans  d'autres  cas,  le  laser  permet  a des  fins  de  mesure  de  relever  les  elements  de  la  tra- 
jectoire  d'une  cible  que  l'on  poursuit.  II  s'agit  alors  d'une  cible  amie  (aeronef  ou  engin)  que  l'on 
peut  equiper  prealablement  avec  des  retro-reflecteurs. 

Les  moyens  utilises  precedemment  faisaient  appel  : 

- soit  a I'optique  avec  cinetheodolites  qui  demande  des  temps  de  depouillement  beaucoup 
trop  long, 

- soit  a des  systemes  radar  qui  restituent  les  trajectoires  en  temps  reel  mais  sont  pertur- 
bes  par  des  effets  de  "site  bas"  lorsque  la  cible  est  au  voisinage  du  sol. 

Le  laser  permet  de  r6unir  les  conditions  de  rapidite  de  traitement  et  de  grande  precision, 
meme  au  voisinage  immediat  du  sol,  jusqu'au  point  d'atterrissage. 

Les  applications  possibles  sont  tr6s  nombreuses  : qualification  de  systemes  d'atterrissage, 
des  aeronefs,  verification  des  trajectoires  en  vols  d'essais  ou  d'entrainement,  releve  de  precision  de 
systemes  d'armes  ; qualification  des  champs  de  tirs,  de  leurs  autres  equipements  de  trajectographie,  des 
dispositifs  de  securite  et  de  contrOle. 

La  trajectographie  comporte  3 fonctions  principales  : 

- 1' acquisition  de  la  cible, 

- la  poursuite  de  la  cible, 

- 1 'elaboration  de  la  trajectoire,  soit  en  temps  reel,  soit  en  temps  differe... 

La  position  de  la  cible  est  exprimee  par  rapport  i un  triedre  de  coordonnees  lie  S des  ins- 
tallations existantes.  Les  mesures  brutes  doivent  done  Atrp  traduites  en  coordonnees  cartesiennes,  lis- 
sees  et  un  changement  d'axes  permet  de  les  referer  au  systems  d'axes  choisi. 

Pour  l'acquisition,  le  laser  dont  le  champ  est  trop  etroit,  a besoin  de  moyens  compl6men- 
taires,  coime  : 

- la  visee  optique  par  un  operateur, 

- une  camera  de  television, 

- 1 'orientation  J partir  de  coordonnees  de  la  cible  fournies  par  un  dispositif  de  reperage 
(en  general  un  radar) 

- le  balayage  systematique  d'un  domaine  de  1 'espace  oO  la  cible  doit  se  presenter. 

La  poursuite  de  la  cible  est  assuree  au  moyen  d'un  goniometre  ou  d'un  ecartometre  monte 
sur  un  support  orientable  en  site  et  en  gisement.  Ce  support  est  pilote  par  1 'ecartometre. 

L'eiaboration  de  la  trajectoire  necessite  1 'enregistrement  des  mesures  faites  au  cours  de 
la  poursuite  en  fonction  du  temps.  Le  rapprochement  des  mesures  d'ecartometrie,  de  teiemetrie  et  du  sup- 
port permet,  apres  les  corrections  nAcessaires,  de  restituer  la  trajectoire.  Ces  traitements  sont  effec- 
tues  en  general  par  un  calculateur. 

Pour  Aviter  les  dangers  d'une  exposition  au  faisceau  laser,  des  moyens  de  securite  sont  prA- 
vus  pour  une  utilisation  avec  des  aeronefs  pilotes  ou  dans  une  zone  oQ  le  personnel  peut  sAjourner.  Ce 
sont  : 

- L'attAnuation  de  la  puissance  laser  en  fonction  de  la  distance  du  systeme  a 1 'aeronef. 

- La  definition  d'un  volume  de  securite  en  dehors  duquel  remission  laser  est  arrAtAe, 


Dans  les  systenes  3 structure  roonostatique,  on  effectue  general ement  les  mesures  d 'ecar- 
tometrie (site  et  gisement)  et  de  teiemetrie,  les  informations  de  veiocimetrie  se  deduisant  des  pre- 
mieres. 


Pour  1' ecartometrie,  on  peut  proceder  : 

- soit  par  analyse  du  champ  a remission,  en  defiechissant  le  faisceau  laser,  dont  la  di- 
rection est  reperee  lorsqu'un  echo  est  regu, 

- soit  par  analyse  du  champ  de  reception.  Plusieurs  types  de  detecteurs  peuvent  alors  etre 
utilises  : 


. des  photodetecteurs  3 quatre  quadrants, 

. des  mosaiques  de  photodetecteurs  qui  permettent  d'obtenir  une  ecartometrie  li- 
neaire  dans  tout  le  champ, 

. des  photodetecteurs  3 balayage  eiectronique,  analogues  a des  tubes  de  prise  de 
vue  de  television  et  qui  fournissent  6galement  une  ecartometrie  lineaire  dans 
tout  le  champ. 

Le  systeme  de  TRAjectographie  D'Atterrissage  STRADA  est  prevu  pour  les  essais  des  systemes 
d’atterrissages  automatiques  de  categorie  III,  et  inclut  done  les  atterrissages  entierement  automatiques 

Ce  systeme  est  capable  de  restituer  en  temps  reel  les  positions  et  vitesses  precises  d'un 
point  particulier  d'un  avion  (equipe  de  retro-ref lecteurs)  en  phase  d'approche  et  d'atterrissage  y com- 
pris  l'impact  et  le  roulement  sur  la  piste  . 

La  station  est  constituee  d'un  radar  laser  ou  LIDAR  place  au  sommet  d'un  bStiment,  d'equi- 
pements  de  traitement  des  informations  et  de  visualisation,  d'un  pupitre  rassemblant  les  moyens  de  com- 
mande  et  de  contrdle,  places  dans  la  salle  d 'operations  du  bStiment. 

Le  LIDAR  comprend  une  tourelle  de  poursuite  (figure  5)  supportant  un  Smetteur  laser  S im- 
pulsions (figure  6)  et  un  ensemble  de  reception.  L 'orientation  de  l'axe  de  visee  du  laser  est  caracteri- 
see  par  les  angles  de  site  (S)  et  d’azimut  (G)  mesures  sous  forme  digitale  par  des  codeurs  de  haute  pre- 
cision, montes  sur  la  tourelle. 

L'energie  lumineuse  refiechie  par  la  cible  vers  1 'ensemble  de  reception  est  distribuSe  : 

- vers  un  dispositif  de  mesure  de  distance  D (teiemetre) 

- vers  un  dispositif  d 'ecartometrie  mesurant  les  6carts  angulaires  en  siteASet  en  azimut 
aG  separant  l'axe  de  visee  de  la  direction  emetteur  laser  - cible.  Ces  dernieres  informa- 
tions permettent  la  commande  des  servom6canismes  de  la  tourelle  et  la  poursuite  automati- 
que  de  1 'avion. 

Les  mesures  angulaires  S,  G,  S,  G et  la  distance  D sont  transmises  3 grande  cadence  3 un 
calculateur  qui  assure  en  temps  reel  le  calcul  de  la  trajectoire  et  l'edition  de  la  position  et  de  la 
vitesse  du  point  de  reference  de  l!avion. 

Le  LIDAR  comprend  une  tete  laser  YAG  (figure  7)  dont  1 'element  actif  est  un  cristal  de  Gre- 
nat  d'Yttrium  et  Aluminium,  pompe  par  une  lampe  3 arc  continu  au  Krypton  de  2 KW.  II  emet  3 l,06,um  sous 
forme  d'impulsions  dfeclenchfces  par  un  systeme  mecanique  3 prismes  tcurnants,  3 la  cadence  de  repetition 
de  3 200  Hz. 


Deux  baies  standard  situees  3 proximite  contiennent  les  circuits  d'alimentation  et  de  com- 
mande, et  les  dispos'tifs  de  stabilisation  thermique  du  liquide  de  refroidissement  du  laser. 

Les  performances  sont  les  suivantes  : 

Puissance  Crete  5 KW 
Largeur  d'impulsion  80  ns 
Divergence  du  faisceau  anres  afocal  10  mrd 

La  portee  du  systeme  est  sup6rieure  3 7000  m pour  une  absorption  atmospherique  de  1 db/km 
(brume  legere).  Les  mesures  primaires  effectu6es  par  le  LIDAR  ont  un  6cart  type  O"  = 0,2  metre  en  dis- 
tance etc  - 10"*  rd  en  site  et  azimut. 


La  maitrise  d'oeuvre  de  ce  systeme  a 6te  assuree  par  le  Service  des  Equipements  de  Champs 
de  Tir  (SECT).  Le  LIDAR  et  la  tourelle  ont  ete  realises  par  la  Societe  THOMSON-CSF,  l'emetteur  laser  et 
le  teiemetre  ont  ete  sous  traites  aux  Laboratoires  de  Marcoussis,  Centre  de  Recherches  de  la  C.G.E.  Le 
systeme  est  exploite  depuis  deux  ans  par  le  C.E.V.  de  Bretigny,  oD  11  rend  de  tres  grands  services.  II 
a servi  3 1' homologation  de  nombreux  avions,  en  particulier  le  Mercure,  1 'Airbus  et  Concorde. 

V - POURSUITE  DANS  LE  CADRE  D'UNE  DEFENSE  ANTI-AERIENNE 

Cette  poursuite  consiste  3 : 

- acquerir  un  engin  dans  son  environnement, 

- determiner  sa  position  et  sa  vitesse  afin  de  guider  une  arme  anti  aerienne. 


34-5 


Ce  materiel  doit  done  permettre  de  grandes  portGes  d'acquisition  sur  des  cibles  non  coopG- 

ratives. 

Dans  ce  domaine,  le  laser  apporte  les  avantages  sulvants  : 

- acquisition  avec  un  grand  pouvoir  de  discrimination 

- poursuite  4 site  trGs  bas 

- possibilitG  de  fonctionnement  dans  un  environnement  de  contre  mesures  GlectromagnGtiques. 

Les  principes  utilisGs  pour  1'GcartomGtrie,  la  tGIGmGtrie  et  la  vGlocimGtrie  sont  les  mG- 
mes  que  pour  la  trajectographie. 

Pour  ce  type  de  matGriel  on  peut  utiliser  : 

- des  lasers  YAG  4 impulsions 

- des  lasers  C0£  continus  que  l'on  peut  moduler  en  frGquence,  avec  detection  hGtGrodyne. 

Les  lasers  ont  une  excellente  capacitG  de  resolution  en  distance  et  en  angle.  Mais  Gtant 
donnG  leur  faible  champ  GIGmentaire  d'analyse  nGcessitG  par  l'obtention  de  portGes  GlevGes,  les  systG- 
mes  4 laser  ne  peuvent  acquGrir  une  cible  que  dans  un  volume  restreint  de  I'espace. 

Pour  analyser  un  volume  suffisant,  tout  en  conservant  la  faible  divergence  du  faisceau 
et  par  consequent  une  bonne  portGe,  on  peut  prGvoir  un  systGme  de  balayage  avec  une  definition  satis- 
faisante.  La  cadence  de  repetition  du  laser  est  alors  de  l'ordre  de  1 4 3 KHz,  comme  pour  les  systGmes 
de  trajectographie. 

Le  LIDAR  est  couple  avec  un  systGme  de  conduite  de  tir. 

A site  bas,  les  systGmes  de  poursuite  par  radar  sont  mis  en  difficultG,  principalement  par 
des  phGnomGnes  de  parasitage  introduit  par  les  echos  fixes  et  de  propagation  polyangle  (notamment  au 
dessus  de  la  mer)  perturbant  la  poursuite  en  site. 

Dans  le  domaine  de  la  poursuite  4 site  bas,  les  systGmes  4 laser  peuvent  done  apporter  leur 
concours  4 la  defense  : 

- soit  en  complGtant  le  radar  dont  la  poursuite  en  site  est  perturbGe  par  des  reflexions 
polyangles, 

• en  se  substituant  4 lui  au-dessous  d'un  site  de  10  mrd. 

VI  - CONCLUSIONS 


Depuis  quelques  annGes,  le  laser  a fait  la  preuve  des  nouvelles  possibilitGs  qu'il  appor- 
te dans  le  domaine  des  techniques  radar  gr4ce  4 : 

- ses  caractGristiques  de  trGs  grande  directivitG, 

- son  faible  encombrement, 

- sa  facilitG  de  mise  en  oeuvre. 

La  robustesse  et  la  fiabilitG  de  ces  matGriels  croissent  progressivement. 

Les  directions  dans  lesquelles  il  faut  poursuivre  l'effort  sont  : 

- la  moindre  sensibilitG  de  la  portGe  aux  conditions  de  transmission  atmospherique, 

- 1 'amGli oration  du  rendement  du  laser, 

- 1 'augmentation  de  puissance  du  laser. 

Sur  ces  points,  le  laser  4 CO?  est  bien  place  pour  permettre  des  progrGs  et  son  utilisation 
devrait  se  dGvelopper  largement. 

D'autre  part,  l'effort  doit  Gtre  poursuivi  pour  surmonter  les  limitations  de  performances 
liGes  non  pas  4 des  principes  thGoriques  mais  4 des  problGmes  technologiques  se  prGsentant  sur  certains 
composants  du  laser  : e'est  le  cas  pour  les  matGrlaux  optiquef^u  les  couches  diGlectriques  dont  la  re- 
sistance 4 des  densitGs  de  puissance  toujours  plus  GlevGes  du  faisceau  laser  est  nGcessaire.  L'augmen- 
tation  des  sensibilitGs  des  dGtecteurs  4 temperature  ambiante,  1’amGlioration  des  systGmes  de  refroi- 
dissement  et  des  systGmes  de  dGclenchement  de  l'impulsion  laser  sont  Ggalement  des  directions  dans  les- 
quelles les  efforts  dolvent  Gtre  poursuivis. 

D'une  manlGre  gGnGrale,  toutes  les  ameliorations  qui  peuvent  rGduire  la  masse,  les  dimen- 
sions, le  coDt  et  la  puissance  consommGe  sont  souhaitables. 

Ces  efforts  permettront  le  dGveloppement  de  toutes  les  applications  potentielles  du  laser 
dans  le  domaine  des  techniques  radar. 
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TABLEAU  I : Tableau  des  principaux  lasers  actuels 


TYPE 

MILIEU 

amplificateur 

ION 
ACT  IF 

EXCITATION 

LONGUEUR 

D'ONOE 

MODE  DE 

FONCTIONNEMENT 

PUISSANCE 

LASERS 

CRISTAUX  : Rubis 

Cr3* 

Lumlneuse  par  lampe  flash 

0,6943/Um 

Impulsionnel 

100  MW 

SOI IDES 

YAG 

Nd3* 

Lumlneuse  nar  lampe  flash 

1 ,06  yum 

Impulsionnel  10  - 20  Hz 

7 MW 

Lampe  4 arc 

1 ,06  ,um 

Impulsionnel  1000-5000  Hz 

100  Watts 

conti nu 

VERRES 

Nd3+ 

Lampe  flash 

1,06  ^um 

Impulsionnel  1 Hz 

10  MW 

SEMICONDUCTEUR 

As  Ga 

Courant  electrique 

0,85  .um 

Impulsionnel  1 Hz  - 1 KHz 

1 W - 10  KW 

A GAZ 

He  - Ne 

Ne 

Decharge  e’ectrlque 

0,6328 , urn 

Contlnu 

1 mW  - 50  mW 

A r 

A* 

Gerharge  electrique 

0,4880/Um 
0,5 145, um 

Continu 

1 W - 10  W 

co2 

Decharge  electrique 

10,6  'um 

Contlnu 

1 W - 1 KW 

COLORANTS 

Rhodamine  6 G 

Lumlneuse  (lampe  flash) 

0,56  4 0,66/uii 

Impulsionnel 

1 MW 

Y 


> 
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FIGURE  1 : Schema  de  princIpe  d'un  teiemetre  laser 


FIGURE  2 : Teiemetr*  aeroporte  8 laser  verre 
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FIGURE  3 : T§te  laser  d verre  dop$  au  N§odyme 
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FIGURE  4 : Guldage  sur  objectif  d£sign£  par  laser 
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DISCUSSION 


1)  Has  your  organisation  performed  any  measurements  of  backscatter  characteristics 
at  any  of  the  wavelengths  of  micron  radars  discussed  by  you? 

2)  Have  you  given  thought  to  the  problem  of  making  far-field  measurements  (range 

2 

greater  than  D /X)  on  a model  range? 

1)  Nous  n'avons  pas  fait  de  mesures  systematlques  sur  la  retrodlf fusion.  Les 
calculs  de  portee,  blen  verifies  dans  la  pratique,  sont  couramment  faits  pour  dee 
albedos  de  0,1.  Quant  a la  rltrodlf fusion  parasite  par  l'atmosphere,  11  sufflt 
pratlquement  de  prevoir  une  distance  convenable  d'aveuglement  du  recepteur  (300 
metres  environ  pour  les  telemetres)  pour  s'en  proteger  dans  les  conditions 
d'utlllsatlon. 

2)  Ces  mesures  n'ont  pas  ete  faltes. 

Dans  le  domalne  des  turbulences  en  del  clalr,  avez-vous  des  re'sultats  compares 
de  cette  technique  avec  celle  basee  sur  les  contrastes  thermlques  dans  les  bandes 
IR? 

Trols  methodes  ont  ete  utlllsees  pour  la  detection  des  turbulences  en  del  clalr: 
par  radar,  detection  des  variations  d'lndlce,  en  IR  par  contraste  thermlque,  en 
optlque  visible,  par  mesure  des  vltesses  des  partlcules  dans  la  zone  de  turbulence. 
Les  methodes  de  mesure  sont  dlfflrentes.  La  correlation  entre  les  zones  reelles  et 
les  zones  detectees  n'est  pas  toujours  clalrement  Stabile.  II  est  done  difficile 
de  falre  une  comparalson  de  ces  systemes,  si  ce  n'est  pour  le  polds  qul  est 
lnferleur  pour  les  systemes  optlques. 
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SUMMARY 


A high  accuracy  millimeter  wave  monopulse  radar  has  been  developed  for  use  in 
high  resolution  tracking  applications.  The  system  utilizes  a real  aperture  millimeter 
wave  antenna  transmitting  a medium  power  noncoherent  narrow  pulse. 

An  analysis  of  attenuation  and  backscatter  in  adverse  weather  conditions 
indicates  that  against  a 10  square  meter  target,  a range  of  10  km  may  be  obtained  in 
clear  air  and  4.8  km  in  4 mm/hr  or  rain.  A description  of  the  system  configuration  is 
given  together  with  currently  available  experimental  data.  Accuracies  of  better  than 
1.0  mr  have  been  achieved . 

1.  INTRODUCTION 

The  utilization  of  millimeter  wavelengths  for  high  resolution,  high  accuracy 
applications  is  becoming  increasingly  significant  as  components  and  technology  develop 
rapidly.  For  a given  size  aperture,  there  are  advantages  to  the  use  of  millimeter  wave 
radiation  namely,  high  resolution  and  ECM  immunity.  As  a consequence,  a millimeter 
monopulse  radar  is  an  attractive  sensor  for  short  range,  adverse  weather  tracking 
applications  such  as  terminal  guidance  and  fire  control. 

Because  adverse  weather  plays  a significant  role  in  determining  the  performance 
limits  of  any  millimeter  radar,  a careful  examination  and  measurement  of  the  absorption 
and  backscatter  from  fog,  rain,  and  snow  has  been  made.  It  has  been  shown,  both  theo- 
retically and  experimentally  that  fog  and  snow  produce  little  effect  on  system  perfor- 
mance, whereas  rain  contributes  significant  absorption  and  backscatter  and  must  be 
carefully  considered  in  system  design.  The  effects  of  weather  and  clutter  on  system 
performance  have  been  examined  in  detail.  Curves  depicting  detection  range  are  pre- 
sented for  a variety  of  weather  conditions. 

The  tracking  of  complex  targets  requires  knowledge  of  the  glint  characteristics 
of  the  target  as  well  as  the  clutter  in  which  it  is  immersed.  Because  of  the  complexity 
in  analytically  deriving  the  glint  statistics  of  targets  and  clutter,  an  experimental 
program  was  undertaken  to  develop  a four  lobe  amplitude  monopulse  track  radar  which 
could  be  utilized  to  obtain  experimental  data  and  to  provide  a "brassboard"  configura- 
tion for  use  in  demonstration  tracking  systems. 

The  millimeter  track  radar  which  has  been  configured,  operates  at  70  GHz, 
utilizes  an  18  inch  antenna,  and  has  a static  tracking  accuracy  of  less  than  one  milli- 
radian.  The  system  transmits  a 100  nanosecond,  10  kW  pulse  at  a PRF  of  4 KHz, 
utilizing  a pulsed  magnetron  source.  The  receiver  achieves  a 10  dB  noise  figure  with 
Schottky  Barrier  mixer  crystals.  Experimental  tracking  data  are  presented  for  isolated 
targets  and  targets  in  clutter. 

2.  THE  TRACK  PROBLEM 

Many  tracking  problems  require  accurate  tracking  of  a relatively  small  target 
in  close  proximity  to  a large  competitive  clutter  area.  This  is  particularly  true  in 
the  case  of  tracking  low  flying  aircraft  and  missiles  from  a ground  location.  As 
shown  in  Figure  1,  we  shall  consider  cases  in  which  the  aircraft  is  located  30  meters 
above  a clutter  area  at  ranges  out  to  10  kilometers.  The  solution  to  this  difficult 
tracking  problem  has  proceeded  classically  along  a number  of  different  paths,  namely: 

Clutter  suppression  by  statistical  data  processing,  e.g.  MTI 

Coherent  techniques  e.g.  pulse  compression,  synthetic  aperture,  doppler 

discrimination 

Spatial  discrimination  e.g.  narrow  beamwidths 

Of  the  techniques  enumerated,  the  direct  generation  of  narrow  beamwidths  by 
multiwavelength  apertures  provides  the  simplest  most  direct  method  of  resolving  small 
targets  in  the  presence  of  clutter.  In  order  to  utilize  reasonable  size  antennas, 
the  designer  is  forced  to  high  frequencies  of  operation  where  propagation  becomes  a 
significant  parameter  in  limiting  system  performance. 


3. 


PROPAGATION  FACTORS  IN  THE  MILLIMETER  REGION  (60-100  GHz) 


The  design  of  millimeter  wave  systems  is  extremely  sensitive  to  propagation 
losses  in  the  atmosphere.  Although  a detailed  analysis  of  the  factors  involved  in 
producing  energy  loss  is  beyond  the  scope  of  the  present  paper,  several  of  the  most 
significant  propagation  characteristics  are  summarized  below. 

3.1  Clear  Air  Attenuation 


The  attenuation  of  millimeter  wave  energy  in  clear  air  has  been  the  subject 
of  intensive  investigation  by  a number  of  researchers  (VanVleck,  J.H. , 1964,  Rosenblum, 
E.S.,  1961,  Straiton,  A.W.  and  C.W.  Tolbert,  1960,  and  Koester,  K.L.,  Sept  1971)  and 
has  been  confirmed  by  careful  measurement  (Tolbert,  C.W.  and  A.W.  Straiton,  1957,  and 
Hogg,  D.C.,  1968).  A summary  of  available  data  is  given  by  Rosenblum,  and  is  shown 
in  Figure  2.  Examination  of  the  M-band  region,  60-100  GHz,  shows  that  the  clear  air 
attenuation  varies  from  a peak  of  15  dB/km  at  the  oxygen  line  at  60  GHz,  to  a minimum 
of  0.39  dB/km  at  the  "window"  at  94  GHz.  It  should  be  noted  that  the  propagation  loss 
is  strongly  dependent  on  the  amount  of  oxygen  in  the  atmosphere  and  thus  varies  con- 
siderably as  a function  of  altitude  and  path  length  through  the  atmosphere. 


3.2  Rain 


In  addition  to  the  energy  loss  resulting  from  atmospheric  gases,  the  performance 
of  a radar  operating  in  rain  is  degraded  by  the  absorption  and  scattering  of  the 
energy  by  the  rain  drops.  The  propagation  of  millimeter  waves  in  rain  has  been 
investigated  in  depth  (Koester,  K.L.,  Sept  1972,  and  Wilcox,  F.P.  and  R.S. 

Graziano,  1974).  The  attenuation  as  a function  of  rain  rate  is  shown  in  Figure  3 for 
70  and  94  GHz.  It  can  be  seen  that  for  a moderate  rainfall  rate  of  4 millimeters 
per  hour,  the  attenuation  is  2.3  dB/km  at  70  GHz  and  2.8  dB/km  at  94  GHz  (Wilcox,  F.P. 
and  R.S.  Graziano,  1974). 

Accompanying  the  absorption  loss  in  rain  is  the  microwave  energy  reflected  by 
the  rain  drops  which  contributes  additional  noise  to  the  system.  The  backscatter 
coefficients  for  rain  have  been  measured  (Richard,  V.W.  and  J.E.  Kammerer,  1974) , 
and  are  shown  in  Figure  4.  The  use  of  circularly  polarized  antennas  results  in  a 
15  dB  reduction  of  rain  backscatter  at  70  GHz  and  94  GHz  as  shown  by  Richard. 


3 . 3 Fog  and  Clouds 

Of  great  significance  to  the  performance  of  a track  radar  is  its  ability  to 
follow  aircraft  and  missiles  through  cloud  cover  and  fog.  The  attenuation  coefficient 
for  millimeter  wave  propagation  of  fog  has  been  investigated  in  detail  (Koester,  K.L., 
March  1971,  Koester,  K.L.  and  L.H.  Kosowsky,  Nov  1970,  and  Koester,  K.L.  and  L.H. 
Kosowsky,  Sept  1970)  and  has  been  shown  to  be  linearity  dependent  on  the  liquid  water 
content  of  the  fog.  In  addition,  there  is  a significant  dependence  of  attenuation 
on  the  temperature  of  the  fog.  The  attenuation  is  shown  in  Figure  5 as  a function 
of  liquid  water  content.  The  attenuation  coefficient  for  a liquid  water  content 
of  0.1  g/m3  is  0.35  dB/km  at  70  GHz  and  0.47  dB/km  at  94  GHz  at  0°C. 

The  backscatter  coefficient  of  fog  in  the  millimeter  band  is  more  than  two 
orders  of  magnitude  smaller  than  that  of  rain  and  has  a negligible  effect  on  radar 
system  performance  (Koester,  K.L.,  March  1971). 

3 . 4 Snow 


In  cold  climates,  the  presence  of  snow  severely  influences  optical  detection  of 
targets.  The  attenuation  in  snow  as  a function  of  snowfall  rate  (Skolnik,  M.I.,  1962) 
is  shown  in  Figure  6 for  frequencies  of  70  and  94  GHz.  In  a moderate  snow  (accumulation 
rate  of  30  millimeters  per  hour)  the  attenuation  is  0.62  dB/km  at  70  GHz  and  1.95  dB/km 
at  94  GHz.  Experiments  conducted  by  Norden  at  70  GHz  indicate  that  the  backscatter 
from  very  heavy  snow  is  negligible. 

4.  FREQUENCY  SELECTION 

The  theoretical  analysis  and  experimental  work  performed  by  Norden  has  demon- 
strated that  millimeter  radar  systems  will  provide  adequate  adverse  weather  performance. 

During  the  course  of  Norden 's  internally  funded  programs,  a careful  comparison 
was  made  of  cost  and  availability  of  components  at  both  70  and  94  GHz.  Greater  avail- 
ability and  lower  cost  of  components  led  to  the  choice  of  70  GHz  as  a representative 
frequency  for  experimental  work  in' the  millimeter  band.  The  work  at  70  GHz  is  com- 
patible with  94  GHz  requirements  permitting  design  anywhere  within  the  band. 
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5.  MONOPULSE  CONCEPTS 

Monopulse,  as  defined  by  Rhodes,  "....is  a concept  of  precision  direction 
finding  of  a pulsed  source  of  radiation.  The  direction  of  the  pulsed  source  is  de- 
termined by  comparing  the  signals  received  on  two  or  more  antenna  patterns  simulta- 
enously."  (Rhodes,  D.R.,  1959).  The  two  basic  types  of  systems  which  are  commonly 
used,  phase  or  amplitude,  are  shown  in  Figure  7.  The  type  of  system  derives  from  the 
antenna  configuration  since  phase  information  received  in  a phase  monopulse  can  be 
readily  converted  to  amplitude  information  and  vice  versa. 

In  either  case,  by  forming  the  sum  and  difference,  the  information  on  target 
location  is  contained  in  the  relative  amplitudes  of  the  two  signals. 

In  the  system  discussed  in  this  paper,  an  amplitude  monopulse  system  is  used 
as  the  antenna  sensor  in  which  four  squinted  beams  are  produced  from  a single  aperture 
to  yield  an  azimuth  difference  pattern,  an  elevation  difference  pattern,  and  a common 
sum  pattern. 

Figure  8 shows  the  feed/comparator  for  a single  coordinate  amplitude  monopulse 
antenna.  In  this  configuration,  the  sum  pattern  is  used  for  transmission,  while  on 
reception,  both  the  sum  and  difference  patterns  are  obtained.  The  sum  signal  provides 
target  intensity  information  as  well  as  range  to  the  target.  The  difference  signal  is 
processed  together  with  the  sum  signal  to  yield  the  error  signal. 

Of  significance  to  the  designer  is  the  sensitivity  of  the  error  signals  and 
the  discrimination  of  scatterers  in  the  vicinity  of  the  target.  Both  of  these  condi- 
tions are  optimized  with  narrow  highly  directional  antenna  beams  (skolnik,  M.I.,  1962). 
Thus,  the  smaller  the  beamwidth  of  the  antenna,  the  larger  the  error  slope  and  the 
better  the  tracking  accuracy. 

Since,  for  a given  aperture,  the  beamwidth  decreases  directly  with  the  wave- 
length, the  sensitivity  of  a monopulse  antenna  operating  at  70  GHz  can  be  expected  to 
be  seven  times  greater  than  a comparable  aperture  operating  at  10  GHz. 

6.  PERFORMANCE  PREDICTIONS 


A block  diagram  of  the  monopulse  system  currently  being  evaluated  at  Norden  is 
shown  in  Figure  9.  As  indicated,  the  system  consists  of  the  following  major  subsys- 
tems: transmitter/modulator,  microwave  package,  antenna,  receiver,  data  processing 

unit,  gimbal  and  servo  electronics  unit.  (A  description  of  each  subsystem  is 
contained  in  the  following  sections.)  Parameters  of  the  radar  are  summarized  in 
Table  1. 


Table  1.  Millimeter  Monopulse  Track  Radar  Parameters 


TRANSMITTER 

Frequency 

70  GHz 

Peak  Power 

10  kW 

Pulse  Width 

100  ns 

Pulse  Repetition  Rate 

1 kHz 

ANTENNA 

Type 

Parabola 

Cassegrain 

Sum  Beamwidth  (Pencil) 

0.66° 

0.67° 

Gain 

47.2  dB 

45.5  dB 

Sidelobes 

-18  dB 

-25  dB 
(Lower) 

Null  Depth 

32  dB 

35  dB 

Polarization 

Linear 

Circular 

RECEIVER 

Type 

Linear,  Lin/Log 

IF  Frequency 

60  MHz 

Bandwidth 

20  MHz 

Noise  Figure 

10  dB 
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The  range  performance  of  the  tracking  radar  can  be  determined  using  the 
radar  range  equation.  The  single  pulse  signal  to  noise  ratio  is  given  by 


(S/N) 


SP 


P g!»2»„ 

I _I 

(4*)  3 KTB  NF  R"  L_L 
S A 


(i) 


where 

PT  is  the  peak  transmit  power 

G is  the  peak  antenna  gain 
X is  the  transmit  wavelength 

a is  the  target  cross  section 
T 

K is  Boltzmann's  constant 

T is  the  absolute  temperature  of  the  receiver 
B is  the  receiver  bandwidth 

NF  is  the  system  noise  figure 
R is  the  range  to  the  target 

Lg  is  the  system  loss 

L is  the  atmospheric  loss 
A 

Using  the  radar  parameters  in  Table  1,  system  performance  against  a 10  square 
meter  target  was  calculated  using  Equation  1.  The  single  pulse  signal  to  noise  ratio 
is  shown  in  Figure  10  as  a function  of  range  for  clear  air  and  100  meter  visibility 
fog. 


For  the  noise  only  case,  the  single  pulse  signal  to  noise  required  to  obtain  a 
90%  probability  of  detection  can  be  determined  using  the  curves  presented  by  Rubin  and 
DiFranco  (Rubin,  W.L.  and  J.V.  DiFranco,  1964) . Assuming  a 10-6  probability  of  false 
alarm,  a Swerling  1 target,  and  the  integration  of  100  pulses,  the  (S/N)gp  required 

for  a 90%  Pd  is  approximately  6 dB.  Thus  for  the  clear  air  and  fog  cases  radar 
range  in  excess  of  10  km  is  achieved. 

During  rainfall,  rain  backscatter  must  be  considered  to  determine  the  system 
performance.  The  rain  backscatter  introduces  a clutter  return  which  is  proportional 
to  the  rain  clutter  cross  section  given  by 


a = V o (2) 

tu  r 


where  V is  the  volume  of  the  radar  pulse  packet  and  a is  the  normalized  rain  back- 
scatter cross  section.  r 

The  volume  of  the  pulse  packet  for  a pencil  beam  antenna  pattern  is  approxi- 
mately 

V » (J)  (R0)2  &R  (3) 


where 


R is  the  radar  range 

8 is  the  antenna  half  power  beamwidth 
AR  is  the  length  of  the  pulse  packet 

Using  the  normalized  rain  backscatter  cross  section  measured  by  Richard,  the 
rain  clutter  cross  section  was  determined  as  a function  of  range  using  Equations  (2) 
and  (3),  (Richard,  V.N.  and  J.E.  Kammerer,  1974).  The  results  are  summarized  in 
Table  2.  A 15  dB  reduction  in  rain  backscatter  through  the  use  of  circular  polariza- 
tion has  been  assumed. 
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Table  2.  Rain  Clutter  Cross  Section 


Range 

Rainfall  Rate 

Rain  Cross  Section  (o  )* 

(KM) 

(mm/hr) 

<m») 

1 

~ 1 

.005 

4 

.01 

5 

1 

.125 

4 

.27 

10 

1 

.54 

4 

1.08 

*A  15  dB  reduction  in  o due  to  the  use  of  circular  polarization 
has  been  assumed.  “ 

To  determine  system  performance  during  rainfall,  the  integration  gain  must  be 
evaluated  by  first  examining  the  decorrelation  time  of  rain.  The  standard  deviation 
of  the  rain  clutter  frequency  spectrum  is  due  primarily  to  wind  turbulence.  If  we 
assume  a fluctuating  wind  speed  (Ws)  of  1 m/sec,  then  the  standard  deviation  of  the 
rain  clutter  spectrum  is  given  by 


2 Ws  „ 

a • ■ 465  Hz 

c x 


The  number  of  independent  clutter  samples  is  approximately 


N 


I 


2.5  o 

c 


7 


x 


N 


where 


f is  the  radar  PRF 
r 

N is  the  number  of  radar  pulses 


For  the  100  pulse  case, 


Nj  » 29  pulses 

Thus  the  effective  number  of  pulses  integrated  for  signal  to  rain  clutter  improvement 
is  29. 


As  the  target  observation  time  increases  to 

o > . 4 f 
c r 


then 


N 


N 


I 


My  be  employed.  At  the  radar  range  of  interest,  the  signal  to  clutter  plus  noise 
ratio  is  limited  by  thermal  noise.  Thus,  the  signal  to  clutter  plus  noise  required 
for  a 90%  Probability  of  detection  remains  approximately  6 dB.  At  shorter  ranges, 
where  the  rain  backscatter  limits  system  performance,  the  effective  number  of  radar 
pulses  must  be  determined.  As  shown  in  Figure  10,  the  radar  range  for  a 90%  Pro- 
bability of  detection  for  1 mm/hr  and  4 nm/hr  of  rain  is  9.3  km  and  4.8  km  respec- 
tively. A summary  of  the  system  range  performance  predictions  is  contained  in 
Table  3. 


Table  3.  System  Range  Performance  Predictions 


7. 


Environment 

Attenuation 

(dB/km) 

Backscatter 
(m2/m3 ) 

Target 
Detection 
Range  (km) 

Clear  Air 

.4 

- 

>10  km 

Fog  (100m  Visibility) 

.7 

- 

10.0 

Light  Rain  (lmm/hr) 

.8 

1 x 10"4 

9.3 

Moderate  Rain  (4mm/hr) 

2.7 

2 x 10-4 

4.8 

Target  Cross  Section 
Target  Model 

Probability  of  detection 
Probability  of  false  alarm 


= 10  square  meters 
= Swerling  Case  1 
- 90% 

= 10"6 


SYSTEM  DESCRIPTION 


The  Norden  experimental  millimeter  track  radar  is  shown  in  Figure  11.  A 
description  of  each  of  the  major  subsystems  follows. 

7.1  Transmitter/Modulator 

The  transmitter/modulator  employs  a conventional  line-type  thyratron  modulator 
with  a solid  state  driver  to  produce  the  grid  trigger  and  a pulse-to-pulse  regulator 
to  reduce  output  power  amplitude  variations  due  to  fluctuating  input  voltage.  The 
magnetron,  which  operates  at  70  GHz,  provides  10  kW  peak  power  at  an  0.0004  duty  ratio. 
The  nominal  transmitted  pulse  width  is  100  nanoseconds.  A ferrite  isolator  prevents 
magnetron  pulling  due  to  load  VSWR.  A pressurization  unit  provides  31  psia  of  dry  air 
pressure  to  prevent  arcing  in  the  waveguide  and  pulse  transformer  housing. 

7.2  Antenna 

Two  monopulse  antennas  are  available  for  use  with  the  system.  The  antenna  used 
in  the  experiments  described  in  this  paper  is  an  18-inch  parabola  with  an  f/D  ratio  of 
0.67.  The  microwave  comparator  and  four-horn  feed  are  constructed  as  an  integral  unit 
to  minimize  precomparator  phase  shift.  A manual  polarization  selection  capability 
allows  the  choice  of  either  vertical  or  horizontal  polarization  depending  on  antenna 
orientation. 

Sum  channel  gain  at  the  comparator  is  47.2  dB.  The  radiation  pattern  is  a 
pencil  beam  with  a 3 dB  beamwidth  of  0.66  degree  and  first  sidelobe  levels  of 
-18  dB  with  respect  to  the  sum  peak.  The  null  depth  of  the  difference  pattern  is  -32 
dB.  The  four  lobe  antenna  was  designed  for  use  between  69  and  71  GHz  and  meets  its 
performance  specifications  over  this  region.  , 

A Cassegrain  monopulse  antenna  was  also  developed  for  use  with  the  system.  The 
18-inch  plastic  reflector  provides  a sum  channel  gain  of  45.5  dB  and  a 3-dB  beamwidth 
of  0.67  degrees.  The  lower  sidelobe  level  is  -25  dB  with  respect  to  the  sum  peak.  The 
null  depth  of  the  difference  pattern  exceeds  35  dB.  The  isolation  between  sum  and 
difference  ports  exceeds  30  dB. 

The  microwave  comparator  and  four-horn  feed  were  constructed  as  an  integral 
unit  to  minimize  pre-comparator  phase  shift.  The  antenna  provides  circularly  polar- 
ized energy  (axial  ratio  < 1.2  dB)  to  minimize  rain  clutter  signals. 

7.3  Microwave 

The  microwave  package  incorporates  specially  designed  waveguide  assemblies  to 
minimize  insertion  loss.  The  sum  channel  loss  is  2.8  dB  while  losses  for  the 
difference  channels  are  less  than  1.0  dB  each.  The  duplexing  function  is  accomplished 
in  a ferrite  circulator  which  provides  more  than  22  dB  isolation. 

Translation  to  IF  is  accomplished  by  mixer/preamplif ier  assemblies  using 
Schottky  Barrier  diodes  in  a balanced  mixer  configuration.  The  units  provide  25  dB 
minimum  gain  (RF  to  IF)  with  a noise  figure  of  10  dB  and  a 20  MHz  bandwidth  centered 
at  60  MHz,  resulting  in  a receiver  sensitivity  of  -87  dBm.  The  sensitive 
Schottky  crystals  are  protected  by  a switchable  ferrite  attenuator  inserted  before  the 
mixer  in  each  channel. 

An  IMPATT  diode  oscillator  is  used  as  the  system  local  oscillator.  A voltage- 
controlled  current  source  drives  the  IMPATT  which,  used  in  conjunction  with  an  AFC 
module,  maintains  the  IF  within  1 MHz  of  the  center  frequency. 
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7 . 4  Receiver 


Because  of  the  attenuation  in  the  atmosphere,  significant  variations  in  signal 
return  can  be  expected  as  a function  of  target  range.  Thus  for  amplitude  monopulse 
systems,  in  which  AGC  is  an  important  design  consideration,  it  becomes  advantageous 
to  convert  to  angle  processing  circuitry  to  minimize  the  effects  of  the  large  dynamic 
range. 


Amplitude  monopulse  information  contained  in  the  IF  signals  is  converted  to 
phase  information  by  the  Monopulse  IF  (MIF)  Processor  and  phase  detected  to  determine 
the  angle-of f-boresight  in  each  difference  channel.  The  sum  channel  signal  is  split 
with  one  output  acting  as  a reference  for  the  phase  detector  and  the  other  output  pro- 
cessed through  a log  amplifier  for  information  and  display  purposes.  The  overall 
receiver  dynamic  range  is  68  dB. 

The  angle-error  output  voltages  of  the  MIF  Processor  are  a function  of  the 
phase  difference  between  the  sum  and  difference  channel  signals  and  range  from  zero 
volts  for  the  on-boresight  condition  to  a maximum  value  of  about  45  mV.  The  polarity 
or  sense  of  the  error  signal  depends  on  the  location  of  the  target  with  respect  to  the 
antenna  boresight  axis.  For  targets  above  or  to  the  left  of  the  axis,  the  sense  is 
positive.  For  targets  below  or  to  the  right  of  the  axis,  the  sense  is  negative. 

Of  particular  interest  is  the  slope  of  the  angle-error  curve,  especially  in 
the  linear  region  around  boresight,  since  it  is  this  signal  that  will  ultimately 
provide  the  control  signals  for  the  servo  system.  For  the  millimeter  track  radar,  the 
slope  (or  scale  factor)  at  the  output  of  the  MIF  Processor  is  10  mV/mr  in  the  linear 
region.  Scaling  amplifiers  with  variable  gains  are  provided  for  interface  with  the 
processing  circuitry. 

7. 5 Data  Processing  Unit  (DPU) 

The  data  processing  unit  provides  the  essential  circuitry  needed  to  process 
the  received  signals.  In  addition,  the  system  timing  trigger  of  4 KHz  and  all  syn- 
chronization signals  are  developed  in  the  unit.  The  MIF  and  AFC  modules  are  also 
contained  in  the  DPU. 

The  pulsed  sum  video,  azimuth  and  elevation  error  signals  are  received  from 
the  MIF  and  processed. 

The  sum  video  generates  a position-correcting  servo  loop  for  range  tracking  a 
single  range-gated  target.  A range  swath  of  4 nautical  miles  is  searched  in  a period 
of  1 second. 

Clutter  rejection  logic  is  also  incorporated  in  the  DPU.  The  logic,  which  uses 
pulsewidth  discrimination,  allows  lock  to  be  broken  if  the  range  gate  locks  onto  broad- 
based  clutter.  As  soon  as  lock  is  broken  the  range  gate  continues  searching  for  a 
hard  target  at  a closer  range. 

Range  and  range  rate  readouts  are  also  provided  in  the  system. 

7 . 6 Pedestal 


The  Antenna/Receiver  is  mounted  on  a pedestal  which  allows  tracking  the  azimuth 
and  elevation.  The  transmitter/modulator  and  data  processing  unit  are  mounted  in  the 
base  of  the  pedestal.  Rotary  joints  are  utilized  to  send  energy  to  the  antenna/ 
receiver. 


The  antenna  can  track  a target  over  a ± 45  azimuth  sector  and  -5°  to 
+30*  In  elevation. 

8.  PRELIMINARY  EXPERIMENTAL  RESULTS 

8.1  Target  Acquisition 

To  demonstrate  the  acquisition  and  track  capability  of  the  millimeter  track 
radar,  the  system  was  integrated  with  a helmet-mounted  optical  sight.  The  sight,  pro- 
vided by  General  Electric,  Burlington,  Vermont,  is  used  for  rapid  acquisition  of  a po- 
tential target  and  hand-off  to  the  track  radar.  The  helmet  sight,  operator  and  track 
radar  are  shown  in  Figure  12. 

The  helmet  sight  is  comprised  of  a reticle  sight  mounted  on  a standard  flight 
helmet  and  an  electromechanical  linkage  from  the  helmet  to  the  common  mount  of  the 
radar  antenna.  The  reticle  sight  has  a birefringent  optical  element  that  creates  a 
pattern  of  concentric  circles.  Once  the  operator  aligns  the  sight  to  the  target,  the 
radar  antenna  will  follow  his  head  motion. 
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As  the  operator  moves  the  helmet  sight  to  maintain  the  target  in  the  sight, 
the  slaved  beam  is  maintained  on  the  target.  The  automatic  range  acquisition  is  en- 
gaged and  the  radar  locks  onto  the  target. 

When  this  condition  is  met  the  radar  system  takes  over  the  angle  track  function 
and  drives  the  antenna  in  azimuth  and  elevation.  If  the  radar  should  lose  range  lock, 
the  antenna  will  automatically  track  the  helmet  providing  a back-up  safety  feature. 

8.2  Tracking  Tests 

All  tests  of  the  monopulse  radar  have  thus  far  been  conducted  as  the  Norden 
facility  in  Norwalk,  Connecticut,  USA.  The  radar  was  placed  in  a tower  facility  which 
is  13.3  meters  above  ground  level.  A view  from  the  laboratory  is  shown  in  Figure  13. 

A corner  reflector,  shown  in  Figure  14,  is  mounted  on  a pole  17.7  meters 
in  height,  at  a range  of  487.7  meters  from  the  tower.  Clutter,  at  the  base  of  the 
support  pole,  is  36  milliradians  below  the  reflector. 

Figure  15  shows  an  A-scope  presentation  of  radar  returns  as  a function  of 
range.  Examination  of  the  figure  indicates  that  when  the  radar  is  tracking  the  re- 
flector, the  clutter  returns  in  the  vicinity  of  the  pole  are  well  below  the  minimum 
detectable  signal.  Since  the  pole  subtends  about  36  milliradians  at  this  range,  it 
can  be  seen  that  targets  can  readily  be  tracked  to  within  2®  of  the  clutter.  The 
ground  clutter  shown  in  the  figure  is  365.8  meters  behind  the  corner  reflector. 

Initial  observations  indicate  that  no  measurable  wander  occurs,  even  during 
windy  conditions.  This  phenomena  will  be  investigated  in  detail  in  comprehensive 
glint  studies  to  be  conducted  during  Calendar  1976. 

A series  of  dynamic  tracking  experiments  were  conducted  using  a Bell  47G  heli- 
copter. Figure  13  shows  the  helicopter  flying  in  the  vicinity  of  the  Norden  test 
facility. 

The  target  aircraft  was  acquired  using  the  helmet  sight  and  tracked.  Results 
of  the  tests  were  being  evaluated  at  the  time  this  paper  was  prepared. 

9.  CONCLUSIONS 


A high  accuracy  millimeter  wave  monopulse  radar  has  been  developed  for  use  in 
low  angle  tracking  applications.  Predictions  of  system  performance  indicate  that 
adverse  weather  performance  permits  system  operation  in  dense  fog  and  rainfall  rates 
of  4 mm/hr.  Tracking  tests  are  in  progress  using  a corner  reflector  and  helicopter. 

Application  of  the  millimeter  track  radar  to  aircraft  and  missiles  for  weapon 
delivery  and  terminal  guidance  is  being  investigated. 
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Figure  7.  Monopulse  Antenna  Configuration 
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Figure  6.  Single  Coordinate  Amplitude  Monopulse  Antenna  Configuration 
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Figure  9.  Block  Diagram  of  Millimeter  Monopulse  Track  Radar 


Figure  11.  Norden  Experimental  Millimeter  Track  Radar 


Figure  12.  Norden  Millimeter  Track  Radar  with  Operator  and 
Helmet  Sight 
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Figure  14.  Corner  Reflector  Target 
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DISCUSSION 


H SITTROP: 


L H KOSOWSKY: 


J SNIEDER: 


L H KOSOWSKY: 


J FREEDMAN: 


V 

L H KOSOWSKY: 


Have  you  made  any  very  low-angle  tracker  experiments  over  water.  In  particular  to 
Investigate  the  "Beckmann  Spizzlchino"  specular  reflection  coefficient  over  water? 

If  not,  are  you  planning  to  do  so? 

No  tracking  experiments  have  been  made  over  water  and  none  Is  presently  planned 
unless  sponsorship  Is  obtained.  The  monopulse  radar  would  be  capable  of  making 
such  measurements. 

Has  attention  been  given  to  the  attenuation  due  to  rain  where  the  drop  size 
distribution  has  been  taken  Into  account?  This  distribution  gives  a better  relation- 
ship to  attenuation  than  does  total  rainfall. 

We  have  not  taken  into  account  the  drop  size  distributions  of  raindrops  In  computing 
the  attenuation  coefficients,  and  we  have  not  considered  multiple  scattering  in  the 
rain  volume.  Various  drop  size  distributions  in  different  parts  of  the  world  would 
also  affect  the  calculations.  The  published  curves  appear  to  be  valid  in  the  LS. 

1)  Does  the  gain  of  15  dB  In  backscatter  attenuation,  using  circular  polarisation 
on  rain,  depend  upon  theoretical  or  experimental  work? 

2)  How  dependent  is  the  result  on  the  sphericity  of  the  raindrops? 

1)  The  15  dB  reduction  in  rain  backscatter  was  measured  at  70  GHz  using  a 
circularly  polarised  18  inch  antenna. 

2)  The  dependence  of  polarisation  sensitivity  on  raindrop  deformation  has  been 
studied  by  Oguchi  in  Japan.  Our  results  indicate  that  15  dB  improvement  can  be 
achieved  at  4 mm/hr  of  rain,  but  I do  not  know  of  data  at  higher  rain  fall  rates. 
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THE  ELRA  PHASED-ARRAY  RADAR  WITH  AUTOMATIC  PHASE  ADJUSTMENT  IN  PRACTICE 


G.  HUschelrath  and  W.  Sander 
Forschungsinstitut  fur  Funk  und  Mathematik 
5307  Wachtberg  -Werthhoven 
Federal  Republic  of  Germany 


SUMMARY 

The  Electronic  Steerable  Radar  (ELRA)  project  of  the  Forschungsinstitut  fUr  Funk  und  Malfiematik  (FFM)  embodies  on  experi- 
mental phased  array  radar  with  multiple  beam  and  multifunction  capability.  If  is  a versatile  tool  for  proving  modern  signal 
and  data  processing  techniques.  This  paper  gives  a short  description  of  the  whole  system,  presently  implemented  parts,  and 
first  experimental  results. 

1 ■ INTRODUCTION 

The  ELRA  system  includes  two  separated  phased  arrays  with  500  transmitter  and  1300  receiver  modules  in  the  S-band,  as 
shown  in  Fig. I . The  antenna  elements  - printed  dipoles  - are  randomly  distributed  on  tilted,  planar,  circular  apertures  and 
form  thinned  arrays.  The  scan  volume  is  120°  in  azimuth  and  90°  in  elevation,  the  beamwidth  of  the  pencil  beam  about 
1 .5°  and  the  moximum  range  about  200  km.  The  current  stage  with  100  transmitter  and  200  receiver  modules  covers  a range 
of  about  30  km  but  can  yet  demonstrate  the  most  functional  properties  of  the  final  system.  Some  peculiarities  of  ELRA  are 

- the  real-time  automated  focussing  and  monitoring  system  (APFC), 

- the  phase  computing  unit, 

- the  beam  forming  matrix, 

- the  generation  of  up  to  six  independently  steerable  beams  (time  multiplex  operation), 

- coherent  (MTI-fllter,  doppler  filter  bank)  and  incoherent  (sequential  detector)  signal  processing  units, 

- the  radar  control  and  data  transfer  by  a TR  86  process  computer, 

- the  central  computer  with  a satellite  computer  for  display  tasks. 


2.  SYSTEM  DESCRIPTION 


2.1.  Transmitting  Antenna 

The  main  problem  of  designing  the  transmitter  is  the  right  choice  of  the  power  dividing  network,  type  of  amplifier  and  phase 
shifter.  Besides  the  technical  data  and  specifications  special  attentions  must  be  focussed  on  the  search  for  an  economic 
solution. 

If  the  radar  system  implies  a good  monitoring  part  to  detect  and  locate  faulty  elements,  the  most  practical  and  economic 
solution  will  be  corporate  feed  with  active  modules  as  shown  in  Fig.  2 [l]  . This  system  of  low  power  amplifiers  and  dividers 
can  be  designed  optimally  for  nearly  every  number  of  radiating  elements.  This  makes  it  attractive  for  a step  by  step  comple- 
tion of  the  antenna . 

The  relatively  low  power  level  in  the  system  allows  much  cheaper  and  less  problematic  components.  For  instance,  the  power 
dividers  are  etched  in  usual  microstrip  technique  and  the  interconnections  are  made  by  normal  coaxial  lines. 

As  the  phase  shifters  are  placed  ahead  of  the  output  amplifiers,  they  are  designed  to  handle  1 00  W peak  power  at  a duty 
cycle  of  3 %.  The  3 bit  twitching  is  done  by  PIN-diodes  with  a switching  time  of  * 250  ns.  There  are  no  severe  specifica- 
tions concerning  the  transmission  tones  as  long  as  the  attenuation  between  two  amplifier  stages  does  not  exceed  the  power 
gain  of  the  amplifiers.  Therefore  3 dB  tones  for  the  phase  shifters  are  acceptable.  As  a phase  correcting  loop  is  involved 
In  the  system,  no  specifications  concerning  the  transmission  phase  values  must  be  demanded. 

After  calculating  the  cost  efficiency  of  the  transmitter  including  MTBF,  price  and  technical  data  of  different  types  of 
amplifiers  and  considering  tome  basic  demands: 

500  W peak  power  min 
10  dB  power  gain 
20  % RF  efficiency 


os  well  as  the  need  of  a phase  coherent  amplification,  disc  seal  triodes  were  chosen.  These  tubes  reach  a peak  power  of 
1 kW  at  a duty  cycle  of  3 % and  a power  gain  of  10  dB. 

Fig.  3 shows  the  construction  of  an  amplification  unit.  In  contrast  to  a conventional  construction  the  heat-sink  has  been 
removed  into  the  inner  conductor  of  the  anode  resonator  in  order  to  ovoid  undesired  oszillofions  while  scanning  the  antenna. 
The  cooling  is  done  by  forced  air.  The  RF  input  and  output  couplings  are  inductive,  each  tunable  by  a variable  capacitor. 
These  capacitors  proved  to  be  very  useful  to  reduce  the  mechanical  specifications  of  the  amplifiers  and  to  compensate  the 
tolerances  of  the  tubes. 

Fig.  4 shows  the  assembled  rackmounts  within  the  transmitter  cabin.  Each  rackmount  contains  five  output  amplifiers,  one 
pre-amplifier,  the  five  phase  shifters,  the  power  divider  (see  also  Fig.  2),  the  modulator  and  the  safety  equipment. 


2.2.  Receiving  Antenna 

The  receiving  antenna  consists  of  many  identical  modules  which  contain  the  following  elements: 

- a printed  folded-dipole, 

- a single-balanced  mixer  with  Schottky-barrier  diodes, 

- a low  noise  IF -preamplifier, 

- an  IF-amplifier  with  a SAW-filter  for  matching  rectangular  10  ps  transmit  pulses, 

- the  3 bit  phase  shifter  located  in  the  synchronous  detector  reference  branch  consisting  of  a tapped  delay  line  and 
an  analog  switch, 

- an  universal  digital  phase  shift  control  which  allows  a rapid  change  of  the  phase  shift  between  up  to  six  pre- 
determined values, 

- a synchronous  detector  which  delivers  the  in-phase  and  quadrature  components  of  the  signal  in  the  video  band. 

The  noise  figure  of  the  receiver  is  about  6 to  7 dB.  It  could  be  reduced  by  a low-noise  transistor  preamplifier,  which  nowa- 
days is  realizable  in  the  S-band  at  reasonable  costs. 

The  arrangement  of  the  phase  shifting  device  at  a point  where  the  signal -to-noise  ratio  is  insignificant  and  the  ability  of 
rapidly  changing  the  bandwidth  and  the  phase  shift  allows  the  lossless  generation  of  up  to  six  independently  steerable  beams 
by  a time-multiplex  method. 

Like  the  transmitter  modules  the  receiver  modules  have  no  hardware  means  for  equalizing  the  phases  of  all  channels.  This 
task  is  fulfilled  by  the  APFC  unit.  Phase  differences  are  cancelled  out  by  software  procedures  while  calculating  the  phase 
shifting  commands.  ro  the  requirements  on  phase  tolerances  and  stability  are  reduced. 

The  elements  of  the  receiver  channels  are  distributed  partly  close  to  the  aperture,  partly  in  racks.  This  arrangement  is 
accommodating  the  research  tasks.  An  operational  system  however  should  use  a complete  module  in  a separate  case  for  each 
receiving  channel . By  use  of  modern  technologies  a reduction  of  size  is  possible.  This  is  shown  in  Fig.  5 where  the  first 
mixer  with  IF-amplifier  from  our  own  laboratory  production  is  compared  with  new  industrial  ones.  The  circuits  were  developed, 
tested  and  partly  produced  in  the  FFM.  The  next  expansion  to  600  receiving  channels  will  use  elements  from  industrial 
production . 


2.3.  The  Beam  Forming  Matrix 

Summing  operational  amplifiers  combine  the  in-phase  like  the  quadrature  components  of  16  channels  with  equal  weighs  to 
form  subarray  sum  beams . A secondary  set  of  amplifiers  sums  up  these  subarray  signals  with  different  complex  weights  and 
generates  a cluster  of  beams  with  various  shapes  and  directions  within  the  subarray  beam,  e.g.  a sum  beam,  difference  beams 
for  azimuth  and  elevation,  or  squinted  sum  beams.  These  beams  are  mutually  fixed  and  only  simultaneously  steerable  by  the 
phase  shifter  settings.  They  are  mainly  used  to  give  more  information  about  target  parameters  (precise  angular  coordinates, 
multipath  or  multiple  targets  detection). 


2.4.  Signal  Processing 

Presently  the  following  signal  processors  are  used: 

- a threshold  detector  for  the  detection  of  targets  in  areas  without  clutter, 

- a monopulse  processor  giving  estimates  of  the  angular  coordinates  in  areas  without  clutter, 

- a doppler  filter  bank  (31  filters)  [3j  for  the  pulse  series  integration  and  for  detection  of  targets  in  areas  with  clutter. 

In  the  future  these  devices  will  be  replaced  by  the  following  more  sophisticated  processors: 

e An  incoherent  sequential  detector  for  multiple  range  elements  [4]  which  uses  the  signols  of  five  independent  beams 
to  detect  targets  in  areas  without  clutter.  This  detector  has  been  completed  and  will  be  involved  soon. 

e A hard  wired  digital  processor  is  being  developed  which  has  to  accomplish  all  tasks  connected  with  coherent  signal 
processing: 
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a)  Target  search  in  clutter 

(digital  matched  filter  at  doppler  frequency  zero  for  clutter  suppression  cascaded  with  a doppler  filter  bank). 

b)  Position  finding 

(the  monopulse  processing  requires  about  13  dB  S/N.  Therefore,  the  difference  signals  of  detected  targets  have 
to  pass  a clutter  filter  and  a doppler  filter  bank)  Qi]. 

c)  Variable  number  of  transmitted  pulses 

(for  coherent  sequential  detection,  sequential  estimation  of  the  target  velocity  and  adaptation  of  the  integration 
to  the  S/N  required  (or  monopulse)). 

d)  Staggered  and  equally  spaced  pulses 

(this  requires  flexibility  with  respect  to  the  coefficients  of  the  clutter  filter  and  the  doppler  filter  bank). 

e)  Adaptive  suppression  of  weather  clutter 

(by  means  of  a frequency-dependent  threshold  control). 


2.5.  Radar  and  Antenna  Control 


A general  purpose  computer  controls  the  ELRA  radar  tasks  including  6-beam  multiplex  data  processing,  the  data  transfer  to 
and  from  the  central  computer  implemented  for  tracking  and  system  control,  and  a variety  of  special  units  for  antenna  control 
and  signal  processing.  The  installations  required  for  multiplexing  enable  simultaneous  searching  in  up  to  five  directions  and 
position  finding  for  one  target  in  a further  direction  or  position  finding  of  up  to  six  targets  in  different  directions  and  ranges 


Fig.  6 shows  the  data  flow  in  successive  intervals.  At  the  beginning  of  each  period  the  radar  gets  the  control  information  for 
up  to  six  radar  tasks.  Subsequently,  the  set  of  phase  values  for  each  antenna  element  is  calculated  in  a phase  computing  unit 
by  realizing  the  formula 


+ = u • x(i)  + v • y(i)  + '♦'(!) 

u,  v = beam  direction  cosines 
x(i),  yO)  = position  of  the  dipoles  in  the  array 

■+  0)  = correction  phase  values  measured  by  the  automatic  phase  correction  unit  (APFC). 

This  special  unit  calculates  the  phase  data  for  all  antenna  elements  for  six  directions  from  the  coordinates  of  the  beam  direc- 
tions. During  the  following  interval  the  real  radar  handling  takes  place.  Up  to  six  pulses  are  sent  to  different  directions  in 
an  order  according  to  the  beam  number.  Then  signals  from  the  different  directions  are  received  in  parallel  or  serial  operation. 
The  succession  of  the  receiving  intervals  may  differ  from  the  beam  number.  At  the  beginning  of  the  next  interval  the  gathered 
radar  results  are  available. 


2.6.  The  Automatic  Phase  Correction  Unit 


The  Automatic  Phase  and  Failure  Control  (APFC)  unit  has  been  designed  to  measure  the  phase  errors  of  each  channel  and  to 
detect  and  locate  faulty  elements  within  the  antenna  system,  controlled  by  the  process  computer.  Measured  phase  values 
are  transfered  to  the  phase  computing  unit,  while  the  error  data  are  handled  in  the  TR  86  process  computer  in  order  to  locate 
the  defect  element  by  combining  the  results  of  several  measuring  loops  (see  Fig.  1).  The  APFC-unit  measures  the  electrical 
field  strength  in  front  of  each  array  antenna  by  a horn  antenna.  These  horn  antennas  are  located  outside  the  normal  scan 
directions  in  the  near-field  zone.  In  the  case  of  the  transmitter  array  the  horn  is  connected  to  a receiver  chonnel  while  in 
case  of  the  receiver  measurement  the  horn  is  radiating  at  the  transmit  frequency  (see  Fig.  1). 

The  principal  way  of  monitoring  the  elements  is  explained  by  Fig.  7.  This  Figure  shows  the  input  of  the  APFC-unit  for  the 
example  of  a five-element  array.  The  field  vectors  An  are  summed  up  to  the  sum  vector  A . Changing  the  phase  values  of 
channel  1 (5)  will  give  a circle  centered  around  the  sum  Ajj  (A  jc)  of  the  remaining  unchanged  channels.  The  diameter 
and  the  position  of  this  circle  indicate  the  output  magnitude  and  phase  value  of  that  channel . This  meons  that  at  a fixed 
scon  direction  only  one  channel  has  to  change  its  phase  value  cyclically.  The  eight  possible  points  (3  bit  phase  shifters) 
must  be  measured  by  the  APFC-unit.  From  these  data  one  can  easily  calculate  the  current  magnitude  and  phase  value  of  that 
channel . Checking  also  the  correct  sequence  and  location  of  the  measured  data  on  the  circle  leads  to  a binary  failure  word 
that  will  indicate  channel  malfunctions,  if  present. 

Using  this  kind  of  measuring  loop  the  ELRA  system  is  able  to  compensate  static  and  slowly  dynamic  phase  errors  during  normal 
radar  operation.  As  the  scan  direction  is  of  no  importance  for  the  measurements  the  only  limitation  is,  that  the  loop  needs 
eight  radar  intervals  for  minimum  ^canned  into  the  same  direction.  Although  the  channels  are  tested  serially  it  is  possible  to 
detect  a severe  break  down  in  less  than  100  ms.  The  detection  time  of  a single  failed  element  depends  on  the  number  of 
channels.  In  a 1000  element  array  It  will  be  16  s maximum.  This  graduated  detection  time,  depending  upon  the  importance 
of  the  error  due  to  system  availability.  Is  another  advantage  of  the  ELRA -system.  The  good  redundancy  of  the  antenna  system 
(graceful  degradation)  allows  to  Insert  only  few  and  relatively  cheap  stand-by  equipment  to  guarantee  the  continuous  opera- 
tion of  the  radar. 

As  the  horn  antennas  ore  located  In  the  nearfield  zone  of  the  arrays  the  measured  phase  values  have  to  be  corrected.  Other- 
wise the  array  is  focussed  on  the  point  of  the  horn  ontenna  and  not  on  the  far  field.  As  focussing  on  the  horn  is  only 
interesting  for  a pattern  measuring  mode,  the  correcting  phase  values  which  result  from  the  different  path  lengths  between 
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the  single  elements  and  the  horn  must  be  measured  once  for  a given  horn  position  and  added  to  the  measured  phase  values. 


3.  EXPERIMENTAL  RESULTS 

First  results  of  the  ELRA  system  can  be  demonstrated  by  the  roughly  measured  antenna  patterns  and  the  radar  responses  of  the 
normal  radar  mode. The  antenna  patterns  were  measured  using  the  horn  antennas  of  the  APFC-unit  In  the  near  field.  The 
array-antennas  were  focussed  on  the  horn  position  and  scanned.  Fig.  8 and  Fig.  9 show  the  results  forthe  receiving  (200 
elements)  and  transmitting  (100  elements)  array. 

To  explain  the  automatic  focussing  mode,  the  receiver  antenna  pattern  had  been  focussed  in  steps  of  40  channels  and  scanned 
in  between  to  demonstrate  the  actual  pattern.  Fig.  10  shows  the  growing  of  the  beam. 

As  the  antenna  patterns  in  the  above  stated  form  are  measured  and  focussed  in  the  near  field  zone,  one  would  have  to  check 
the  pattern  in  the  far  field  region  in  order  to  see  whether  the  near  to  far  field  transformation  is  correct  or  not.  This  far  field 
antenna  pattern  was  measured  scanning  the  antenna  over  an  isolated  fixed  target  (Fig.  11).  This  method  is  just  a test  and 
cannot  replace  on  exact  pattern  measurement  which  will  be  done  in  the  next  future. 

The  A-scope  picture  of  a fixed  target  (Fig.  12)  was  taken  over  several  seconds  to  demonstrate  the  excellent  short-time  stability 
of  the  antenna  system  - important  for  a coherent  signal  processing. 

The  first  results  in  the  radar  mode  were  the  mapping  of  the  nearby  clutter  area  (Fig.  13).  The  hilly  country  site  is  crossed  by 
the  river-Rhine-valley . The  forest  echoes  came  from  up  to  30  km.  The  first  5 km  were  suppressed. 

Fig.  14  shows  the  same  area  with  clutter  suppression  by  a doppler  filter  bank.  The  main  echoes  are  caused  by  a helicopter. 
Following  the  target  in  a combined  track-  and  search-mode  leads  to  a PPI  similar  track  evaluation  response. 


4.  CONCLUSIONS 

The  measurement  data  have  verified  the  analytically  predicted  performance  of  the  ELRA  conception.  Besides  the  normal 
properties  of  phased  array  radars  the  insertion  of  the  APFC  unit  into  the  system  proved  to  be  very  useful . The  reduction  of 
component  specifications  combined  with  the  ability  to  correct  phase  errors  and  to  detect  and  locate  faulty  elements  is  a 
promising  way  to  decrease  costs  and  the  problems  of  maintenance. 

The  present  state  of  the  system  gives  a fundamental  functional  confirmation  of  the  system  conception.  Future  tasks  will  be  the 
increase  of  the  number  of  modules  to  aim  lower  sidelobes  and  higher  range,  the  installation  of  versatile  signal  processors,  and 
the  gradual  application  of  the  hardware-prepared  multifunction  capability  by  software  means. 
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Inside  view  of  the  transmitter  array 
showing  assembled  racks  connected  to  the 
space  tapered  aperture . 


maximum  5 beams  in  multiplex  operation 


phase  calculation  reception 


^ radar  results 


Fig.  6 Multiplex  interval  operation  for  6 beams. 
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Fig.  5 Equivalent  receiver  modules  from  laboratory  (right,  10  channels)  and  industrial 
production  (4  channels,  manufactured  byAEG-felefunken). 
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2 ms  interval 


maximum  6 pulses 


transmission 


Fig.  8 


Receiver  antenna  patterns  focussed  into  the  near  field:  sum  beam  power  pattern  and 
product  of  sum  and  difference  pattern  (sum  beamwidth:  2°). 


Fig.  9 


Transmitter  one-way  antenna  pattern  focussed  into  the  near  field  (beamwidth  3.5°). 


Fig.  10 


Near  field  receiver  antenna  pattern,  unfocussed  and  focussed  in  steps  of  40  channels. 
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SUMMARY 

Wideband  coherent  radar  is  capable  of  hlgh-resolut Ion  target  Imaging.  Similar  to  synthetic  aper- 
ture radars  used  in  terrain  mapping,  the  analytical  formulation  of  "space-object"  scattering  and  imaging 
are  developed  in  the  first  part  of  this  paper.  Three  targets  are  selected  to  obtain  their  backseat  ter i ng 
fields  in  computer  simulation.  Complex  signal  and  spectral  densities  are  then  used  to  perform  the  image- 
synthesis  procedure  based  on  the  Woodward  method.  Numerical  examples  are  given  to  demonstrate  resolution 
capability  and  image  enhancement.  The  second  part  of  this  paper  describes  the  dispersive  radiation  field 
of  LP  (Log-Periodic)  antennas,  and  develops  the  LP  signal  processing  models  based  on  the  fractional  band- 
width of  radiating  elements.  Elemental  transfer  functions  of  narrow-band  signals  are  developed  to  synthe- 
size the  overall  broadband-filter  function  for  performing  pulse  compression.  Compression  gains  for 
signal-energy  density  are  derived  using  the  LP-phase  model.  Potential  performance  of  combining  the  image 
synthesis  and  LP-signal  processing  are  briefly  discussed  in  terms  of  signal  resolutions,  frequency  agil- 
ity, and  waveform  diversity. 

1.  INTRODUCTION 

Wideband  coherent  radar  technology  has  provided  the  capability  of  detecting  targets  with  high  res- 
olution (Rihaczek,  1969).  One  practical  example  is  the  synthetic  aperture  radars  (Harger,  1970)  for 
mapping  terrains  and  rotating  targets.  This  paper  applies  the  principle  similar  to  that  of  synthetic 
aperture  radars  to  synthesize  the  scattering  intensity  of  certain  targets  that  may  orbit  or  rotate  in 
space.  Emphasis  is  placed  on  the  analytical  procedures  of  formulating  the  synthesis  method  (Woodward, 
1966)  that  can  yield  a cross-range  resolution  of  arbitrarily  small  increments  and  a slant-range  resolution 
inversely  proportional  to  the  radar  bandwidth. 

A better  slant-range  resolution  requires  a wider  radar  bandwidth  which  can  take  the  form  of  a 
coherent  short-pulse  system  (McCoy  and  Yu,  * 970) . Practical  limitations  in  high-field  breakdown  at 
antenna  terminals  (as  well  as  transmission  lines)  have  led  to  the  concept  and  technique  (Cook  and  Bern- 
field,  1967)  of  transmitting  dispersed  pulses  of  moderate  amplitude  and  long  duration  to  avoid  breakdowns 
and  to  assure  a sufficient  energy  for  target  detection.  Target-scattered  pulses  are  compressed  by  radar 
receivers  to  produce  high-resolution  short  pulses  with  high  energy  densities.  In  addition  to  using  the 
radar  receiver  for  pulse  compression,  this  paper  considers  the  concept  of  pulse  compression  (VanEtten, 
1972)  using  the  dispersive  properties  (Pulfer,  1961)  of  log-periodic  antennas  (DuHamel  and  Isbell,  1957; 
Rumsey,  1966).  Special  emphasis  is  placed  on  the  analytical  model  that  is  useful  in  describing  the  LP 
antenna  radiation  characteristics  and  pulse  compression  capabilities.  For  an  LP  antenna  with  N elements, 
the  potential  pulse-compression  gain  of  N^  is  derived. 

The  first  part  (section  2)  of  this  paper  covers  the  formulation  of  image-synthesis  algorithms  and 
the  numerical  examples  of  entire  analytical  procedures.  Measurements  and  modeling  of  LP  antennas  for  both 
one-way  (transmit  only)  and  two-way  (transmit  and  receive)  pulser  compressions  are  discussed  in  section  3- 
The  significance  and  potential  applications  of  these  results  to  future  radar  surveillance  and  radar  adap- 
tivity to  Its  environment  will  then  be  discussed  in  the  concluding  section  (section  6), 

2.  WIDEBAND  RADAR  IMAGE  SYNTHESIS 

This  section  will  consider  the  analytical  formulation  of  target  scattering  and  the  synthesis  pro- 
cedures for  constructing  target  images.  Three  targets  are  selected  for  both  analysis  and  synthesis. 

In  the  analysis  area,  the  CW  scattered  fields  are  treated  by  using  only  electric  fields.  The 
scattered  magnetic  fields  or  the  orthogonally  polarized  scattering  can  be  treated  in  a similar  manner.  In 
order  to  construct  the  wideband  target  scattering,  the  scattered  pulses  are  assumed  to  have  been  com- 
pressed and  coherently  detected.  The  pulse  compression  Is  needed  because  practical  radars  do  transmit 
dispersed  pulses  to  avoid  high-field  breakdowns.  The  coherent  detection  means  simply  that  both  amplitude 
and  phase  of  the  scattered  signals  are  preserved  during  the  detection  process. 

After  formulating  the  coherent  pulse  through  pulse  compression,  the  synthesis  procedure  will  be 
formulated  in  both  time  domain  and  frequency  domain.  The  time-domain  synthesis  appears  to  be  more  direct, 
because  the  coherent  detector  output  is  most  commonly  in  the  form  of  short  pulses.  On  the  other  hand,  the 
frequency  domain  synthesis  utilizing  a complex  spectral  distribution  can  also  be  implemented. 

The  two  procedures  In  time  and  frequency  domain  synthesis  are  analytically  Identical,  although  one  may  be 
preferred  over  the  other  for  practical  Implementation. 

Synthesized  target  images  for  the  three  chosen  examples  will  be  discussed  in  terms  of  resolution 
capability  and  weak  scattering-center  enhancement.  The  realizable  resolution  capability  in  comparison 
with  that  of  the  well-known  synthetic  aperture  radars  is  covered  at  the  end  of  this  section. 
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DISCUSSION 


G RINCENBACH: 

G HUSCHELRATH: 

A J DUNLOP: 

G HUSCHELRATH; 

E FLAD: 

G HUSCHF (RATH : 


1)  Quel  est  le  nombre  maximal  de  elblea  que  votre  systeme  peut  tralter  par  aeconda 
en  mode  recherche? 

2)  Quel  eat  le  cout  par  vole  d'emlssion? 

1)  Approximately  one  hundred. 

2)  Approximately  one  thouaand  marka  per  channel  for  both  tranamltter  and  receiver. 

How  often  do  you  find  It  nece88ary  to  update  the  phaae  correction? 

Preclae  meaaurementa  on  this  subject  are  a task  for  the  near  future.  Nevertheless, 
from  experience  I can  say  that  changes  to  the  correction  seem  unnecessary  for 
periods  of  some  hours. 

How  long  was  the  flight  time  of  the  helicopter  In  the  last  slide? 

Approximately  five  minutes. 
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2.1  Compressed  Short-Pulse  Waveform 

Assuming  that  a point-target  scattered  pulse  has  been  compressed  and  coherently  detected  by  a radar 
receiver,  a Hamming-weighted  spectrum  (Cook  and  Bernfleld,  1967)  can  be  represented  as  shown  In  figure  I. 
The  center  frequency  is  designated  as  f0  for  the  "carrier"  frequency.  The  pulse  repetition  frequency  Is 
designated  fr.  A summary  of  the  spectral  distribution  and  the  signal  waveform  is  given  In  table  I.  The 
cutoff  bandwidth  is  2fc  in  the  frequency  domain;  and  the  "cutoff"  duration  is  2/fc  in  the  time  domain. 

All  the  time-domain  sidelobes  are  approximately  -A3  dB  or  lower. 


TABLE  1.  "COMPRESSED"  WAVEFORM  OF  A POINTSOURCE  BACKSCATTERI NG 


Spectral  Distribution  With  Hamming  Weighting: 


S(fQ+  nf  ^)  “ f r I 0 . 5^*  + 0.A6  cos  (nxf  ^/f^)  j for  | nf  r|  <fQ-  (Eq . I ) 

n « 0,  il , + 2,  ±3.  ±N. 


2Nfr  - 2f£  is  the  cutoff  bandwidth 
( f o , f^)  are  the  pulse  ("carrier,"  repetition)  frequencies. 
Pulse  Train  with  Repetition  Frequency  f : 


2.2  Target-Plane  Scattering 

Scattered  signals  are  to  be  formulated  for  three  targets  as  shown  in  figures  2,  3,  and  A.  They  are 
selected  for  the  purpose  of  developing  necessary  data  sets  to  perform  image  synthesis.  A three-point 
target  of  different  scattering  Intensities  Is  selected  at  the  coordinates  shown  in  figure  2.  The  yz  plane 
is  designated  as  the  target  plane  and  the  y'z1  plane  is  designated  as  the  image  plane.  The  angle  formed 
between  z axis  and  z'  axis  is  defined  as  the  aspect  angle  for  the  radar. 

A circular  conducting  cylinder  is  the  second  target  shown  in  figure  3.  It  is  the  simplest  among 
all  the  axially  symmetric  targets  and  has  a simple  solution  (Ufimtsev,  1958)  that  has  been  found  to  agree 
well  with  measured  data. 

A fairly  complex  target,  shown  in  figure  A,  is  selected  as  the  third  target.  The  wedge  angles  are 
designated  for  the  convenience  of  applying  the  circular-wedge  solution  developed  by  Ufimtsev. 

In  order  to  apply  the  circular-wedge  scattering  solution,  figure  5 is  given  to  illustrate  the 
coordinate  systems  that  are  used  in  table  2.  The  computation  for  all  the  discrete  spectra  defined  in 
equation  I are  made  by  using  equation  3. 
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table  2.  backscattered  e-fielos  from  wedges  of  axially  symmetric  targets 


First-Order  Scattered  Field  From  All  Illuminated  Wedges: 

M 

E(f0  ♦ nfr.1f)  " S(fQ  + nf f)  ' R 'exp(-jknR)  ^ 

m*  I 


( - 1 > J . ( k d s i ny) 
I n m 


s i nn/p 


cosn/p  -I  co'sn/p  -cos2<J>  /p 


m mm 


exp(-j2k  z cosy), 
n m 


(Eq.  3) 


R is  the  radial  distance  from  radar  to  target. 

k * 2n/A  « 2n(f  ♦ nf  )/c,  where  c is  the  speed  of  light, 
n n o r 

(d  , z ) are  the  (diameter,  z-coordi nate)  of  the  m wedge, 
m m 

(Jj,  J^)  are  the  Bessel  functions  of  the  (first,  second)  orders. 

p * (Exterior  Angle  of  the  Wedge)/n. 
m 

# is  the  incidence  angle  referred  to  a surface  of  the  mth  wedge, 
m 

Y is  the  (common)  incidence  angle  referred  to  the  z-axis  of  target  plane. 
The  illuminating  field  is  assumed  unity. 


By  use  of  the  equations  shown  in  tables  1 and  2,  the  frequency  domain  target  scattering  for  all  the 
selected  targets  can  be  computed  at  different  aspect  angles  and  for  different  spectral  components.  The 
results  of  these  complex  spectral  densities  are  then  used  to  formulate  the  time-domain  pulses. 

2.3  Coherent  Short  Pulses 

For  point  targets,  the  formula  In  equation  2 can  be  used  directly  with  the  relative  time  delays  and 
relative  Intensities  that  are  assigned.  As  for  general  targets,  equations  A and  5 in  table  3 can  be  used 
to  construct  short  pulses. 


i 


i 


TABLE  3.  TARGET-PLANE  SCATTERED  PULSES  FOR  NUMERICAL  COMPUTATIONS 
Scattered  E-field  at  Discrete  Spectra  and  Aspect  Angles: 

Enp  ■ £(£„  + nff,  * * • w**ere  h “ 0,  ±1,  12,  13  — IN,  and 

p - 0.  ± I . 12,  13  — IP. 

Target  Scattered  Pulse  Train  in  Time  Domain: 

N 

e(t,y+p«)  - J*  Enpe*P(jMfo  + nfr)t). 


(Eq.  k) 


(Eq.  S) 


I 


— 
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The  short  pulses  obtained  for  the  three-point  target  are  shown  In  figure  6 where  points  #1  and  #3 
are  coincident  In  time  because  they  are  at  the  same  slant  range  (figure  2).  Although  they  are  unresol- 
vable  In  the  time  domain,  they  can  be  distinctly  resolved  by  performing  the  image  synthesis  procedure  to 
be  discussed  later  In  this  section. 

The  complex  target  of  figure  It  has  been  used  to  produce  the  time-domain  pulses  in  figures  7 through 
9.  The  wedge  numbers  are  Indicated  to  pulses  where  Individual  wedges  are  not  resolvable  in  time  domain. 

The  pulses  plotted  In  figures  8 and  9 are  normalized  by  the  same  amplitude  as  that  used  In  figure  7. 
Therefore,  the  sidelobes  are  not  as  numerous,  nor  do  they  disappear  entirely.  The  resolution  capability 
of  the  compressed  pulses  can  be  observed  In  figure  9 where  wedges  3 and  A are  distinguished  from  wedges  1 
and  2.  These  two  sets  of  wedges  are  separated  only  by  AO  centimeters,  as  can  be  seen  In  figure  4. 

All  the  time  domain  pauses  are  produced  with  amplitude  plots  alone.  However,  the  phase  Infor- 
mations of  these  pulses  are  preserved  in  computer  simulation  for  Image  synthesis  purpose. 

2. A Image-Plane  Scattering  Intensity 

All  the  formulations  considered  above  belong  to  the  target  scattering  analysis.  This  subsection 
will  start  the  first  step  In  the  formulation  of  target  synthesis  procedure.  The  objective  of  performing 
target  image  synthesis  is  to  obtain  the  target  scattering  intensity  of  an  unknown  target.  Let  the  unkr._..n 
target  scattering  intensity  be  designated  as  G in  table  4.  The  contribution  of  target  scattering  to 
different  spectral  components  can  be  formulated  as  shown  In  equation  6,  where  the  phase  centers  of  different 
scattering  points  are  referred  to  the  center  of  the  image  plane. 


TABLE  <4.  I MAGE -PLANE -SCATTERED  SPECTRAL  DENSITY 


Complex  Sepctra  Scattered  in  the  Image  Plane: 

Y'/2  r Z'/2 


/Y  1 1 /■  L I i 

J G(y',  z')  exp(-jMfQ  + nfr)  • (y 'cosp«-z's  inp<5)/c) 


-Y'/2  -Z'/2 

• dy'dz'. 

G(y',  z')  Is  the  assigned  real  function  of  target  scattering  intensity. 

Approximation  under  Small  Aspect  Angle  Extent: 

pY'/2  ..  Z'/2 


(Eq.  6) 


E (nf ^ , pS)  = S (f q + nfr)f  f G'(y',  z')  exp(-jAn(nfry'-  p«fQZ ') /c)dy 'dz '.  (Eq.  7) 


-Y'/2  -Z'/2 


G'(y'.  *')  - G(y',  z')  exp(-jlm(foy'-p6nfrz')/c). 


(Eq.  U) 


I P«l  « I. 

Another  weighting  factor  f0/(f0  + nfr)  can  be  used  by  assuming  the  scattering  behaves 
like  a planar  strip,  although  this  is  not  generally  true. 


In  the  process  of  collecting  the  backscattering  from  different  aspect  angles,  the  overall  angular 
extent  has  been  limited  to  5“  or  less  as  shown  In  figures  6 through  9.  With  this  small  approximation, 
equation  6 can  be  written  as  shown  In  equation  7.  The  new  target-scattering  Intensity,  G1  is  now  a 
complex  function  that  includes  the  relative  phase  shifts  among  all  the  scattering  points  In  the  Image 
plane.  This  complex  scattering  intensity  function  Is  defined  In  equation  8.  The  Hamming  weighting  has 
been  Included  in  all  these  formulations.  However,  the  amplitude  of  target  scattering  Itself  Is  frequency- 
dependent.  Therefore,  If  the  scattering  of  a long  axially  symmetric  target  Is  approximated  as  conducting 
strip  scattering  (Yu  and  Rudduck,  1967),  another  frequency  weighting  function  given  in  table  A can  be  used 
to  reduce  the  t Ime-sldelobe  degradation  due  to  the  frequency-dependent  scattering. 

The  corresponding  time-domain  description  for  the  coherent  detector  output  can  be  formulated  by 
the  equations  In  table  5.  The  integrand  of  equation  9 can  be  simplified  by  making  use  of  the  definition 
In  equation  10.  By  choosing  a sequence  of  time  Intervals  which  corresponds  to  the  peak  value  of  the  time 
function  of  equation  10,  the  peak  value  of  Nfr  can  be  substituted  into  equation  9 and  Integrated.  The 
integrated  result  in  equation  II  means  that  the  coherent  detector  output  Is  sampled  In  the  time  sequence 
indicated. 
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TABLE  5.  IMAGE-PLANE-SCATTERED  PULSES  AFTER  COHERENT  DETECTION 

Pulse  Train  at  Various  Aspect  Angles: 

N 

e(t,pA)  - £ E(nfr,  pA)  e*p( j2xnf ft) 

-N 


: 


G'(y z ') s ( t-2y '/ c)exp ( j 4xpAfQZ'/c)  dy'dz'. 


N 

s(t-2y'/c)  * y f (0.5*1  + 0.46  cos(nxf  /f  ))  exp(j2xnf  (fc-2y'/c)). 

r r c r 

-N 


(Eq.  9) 


(Eq.  10) 


Approximation  al  t “ q2Ay'/c  * qY'/Qc: 

-Z'/2 

/ 

e(qY'/QC,pA)  - Y'Nf 


G'(qAy",  z')  exp( j4xp6foz'/c)  dz'. 


-Z  '/2 


The  index  q may  be  equal  to  n such  that  Ay'  * Y'/2N. 


(Eq.  II) 


The  results  arrived  at  in  equations  7 and  II  are  the  desired  relationships  between  the  unknown 
scattering  intensity  function  and  the  measurable  functions  at  the  coherent  detector  output.  These  two 
equations  complete  the  first  step  in  both  f requency-doma i n and  time-domain  synthesis  procedures.  The  next 
subsection  is  to  obtain  the  unknown  scattering  intensity. 


2.5  Synthesis  Methods  in  Frequency  and  Time  Domains 


Since  the  target-scattering  intensity  function  is  unknown  but  with  finite  scattering  energy,  the 
function  can  be  represented  by  a Fourier  series  with  undetermined  coefficients.  This  Is  done  in  equations 
12  and  13  of  table  6.  The  undetermined  coefficients  Aqs  and  B are  designated  separately  because  the 
former  belongs  to  the  frequency-domain  data  and  the  latter  belongs  to  the  time-domain  data. 


TABLE  6.  SCATTERING  DENSITY  SYNTHESIS  IN  THE  FREQUENCY  AND  TIME  DOMAINS 


Image-Plane  Scattering  Density  With  Undetermined  Coefficients: 

G'(y'.  *')  y.  A exp(j2irqy'/Y'+  j2xsz'/Z'). 

q s q 

G'(qAy',  z')  Bas  e*P< j '/Z ') . 

q s 


Integrated  Results  of  E(nfff  p«)  and  e(qy'/Qc,  pA) : 


E(nf  , pA)  - Y'Z'  S(f  ♦ nf  ) 
r or 


« (qY'/Qc.  pA)  - Y'Z'Nf  V B 
r La  q* 

t 


sin  x(q-2nf  Y'/c) 

i 

qs 

n(q-2nfrY'/c) 

sin  *(s+2pAfoZ'/c) 
w(s+2pAfoi'/c)  ' 


sin  x (s+2npAf  Z'/c) 
o 

x(s+2npAf  Z'/c) 
o 


Coefficients  Determined  from  Frequency  and  Time  Domain  Data: 


A„  " E(nf,  * qc/2»' - P t - -sc/2f  Z')/Y'Z'S(f  *nf  ). 
q»  r o o r 

■qt  - «(»  • qY'/Nc,  pA  - -sc/2foZ')/V'Z'Nfr  . 


(Eq.  12) 
(Eq.  13) 


(Eq.  14) 


(Eq.  15) 


(Eq.  16) 
(Eq.  17) 
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In  order  to  solve  for  the  unknown  coefficients,  the  Fourier  series  representations  In  equations  12 
and  13  can  be  substituted  Into  equations  7 and  II.  Integrated  results  are  shown  In  equations  Ik  and  15 
where  samplings  can  be  taken  at  the  discrete  sequence  of  values.  By  performing  the  sampling  at  the  Indi- 
cated discrete  points,  the  undetermined  coefficients  are  obtained  as  shown  In  equations  16  and  17-  The 
results  of  these  two  sets  of  unknown  coefficients  can  now  be  substituted  back  Into  equations  12  and  13  to 
obtain  the  solution  for  the  originally  unknown  target-scattering  intensity. 

The  sequence  of  operations  Involved  In  table  6 Is  indeed  an  approximation  to  obtain  the  target- 
scattering Intensity  function  by  first  assuming  that  they  are  representable  by  Fourier  series  of  unknown 
coefficients.  The  unknown  coefficients  are  then  solved  through  sampling  theorem  applied  to  the  measurable 
functions  at  the  coherent  receiver  outputs.  Substitution  of  these  coefficients  in  equations  12  and  13 
gives  rise  to  the  desired  Image- I ntens i ty  functions.  Some  examples  follow. 

2.6  Target  Image  Example 

The  synthesized  Images  for  the  three  examples  are  shown  In  figures  10  through  Ik.  The  three-point 
target  image  Is  shown  In  figure  10  with  10  levels  of  shading  that  corresponds  to  a kO  dB  dynamic  range. 

Each  sampled  square  corresponds  to  0.3m  x 0.3m.  This  figure  indicates  that  the  three-point  target  with 
different  intensities  appears  with  different  sizes  corresponding  to  the  point  scatters.  This  is  due  to 
the  limited  shading  scale  of  the  automated  computer  plotting. 

Figure  II  indicates  the  synthesized  image  for  the  circular  conducting  cylinder.  The  image  around 
the  0-degree  aspect  angle  indicates  nonuniform  rows  of  intensities.  The  estimated  mean- I ntens I ty  line  is 
nearly  coincident  with  the  cylinder  end.  The  image  around  the  6-degree  aspect  angles  Is  also  shown  here 
to  indicate  the  concept  of  scattering  centers.  At  both  edges  of  the  cylinder,  the  scattering  becomes  weak 
compared  to  the  specular  scattering  that  Is  not  received  by  the  radar  receiver  around  this  aspect  angle. 

The  weak  scattering  centers  would  require  Intensification  if  the  image  of  the  cylinder  Is  to  be  enhanced 
to  resemble  the  geometrical  appearance  of  the  target. 

The  fairly  complex  target  has  been  synthesized  around  the  three  aspect  angles  as  indicated  in 
figure  12.  The  maximum  diameter  of  this  target  is  1 meter.  This  synthesized  result  indicates  that  the 
shape  of  this  target  Is  difficult  to  determine  If  no  additional  image  enhancement  Is  performed  to  identify 
the  weak  scattering  centers. 

In  order  to  produce  the  image  that  can  resemble  more  closely  the  geometrical  shape  of  the  target, 
small  scattering  centers  need  to  be  enhanced.  One  example  Is  given  in  figure  13,  where  the  enhanced  small 
scatters  are  superimposed  onto  the  image  in  figure  12.  Moreover,  by  knowing  that  the  target  is  axially 
symmetric,  the  synthesized  and  enhanced  data  are  mirror-reflected  onto  the  other  half  of  the  aspect  angles. 
The  result  is  a composite  of  the  fairly  complex  target  whose  maximum  diameter  is  I meter. 

To  illustrate  what  would  be  the  effect  of  Increasing  the  target  size  with  the  same  radar  resolution 
capability,  figure  Ik  is  produced  for  the  same  complex-target  shape  with  all  the  linear  dimensions  increased 
to  twice  the  target  originally  selected.  It  can  be  seen  that  the  resolution  capability  of  a radar  has 
now  become  adequate,  In  that  the  geometrical  shape  can  be  more  easily  determined.  Nevertheless,  the 
conical  surface  joining  wedges  (1,2)  and  wedges  (3,k)  does  not  appear  in  the  image.  This  is  because  the 
specular  return  from  this  surface  has  a singularity  Inherent  in  the  first-order  diffraction  used  in 
the  analysis  (Yu  and  Williams,  1975).  During  the  synthesis  procedure,  any  encounter  of  singularities  is 
automatically  excluded  from  synthesis.  The  existence  of  singularities  may  be  undesirable  In  other  target 
shapes.  In  order  to  eliminate  this  type  of  singularity  from  the  analysis,  a more  elaborate  analysis 
formulation  (Ryan  and  Peters,  1970)  may  be  used. 

The  above  examples  serve  to  complete  the  procedure  by  which  the  target  image  Is  obtained  by  syn- 
thesizing the  target-scattered  results  obtained  analytical ly.  The  resolution  capability  of  the  chosen 
waveform  Is  In  agreement  with  Its  inherent  resolution  limit.  It  may  be  appropriate  to  comment  that  the 
synthesis  is  performed  by  noise-free  numerical  simulation.  Therefore,  it  will  be  necessary  in  the  future 
to  introduce  certain  types  of  noise,  both  deterministic  and  random,  into  the  backscattered  results  In 
order  to  more  realistically  simulate  the  actual  performance  capabilities  and  limitations. 

2.7  Target  Image  Summery 


The  algorithms  and  numerical  examples  for  tne  analysis  and  synthesis  of  a 3-point  target  and  two 
axially  symmetric  targets  have  been  developed.  This  section  started  with  the  assumption  that  the  pulse 
compression  and  coherent  detection  have  been  peformed  by  a radar  receiver.  The  coherently  compressed 
pulse  Is  Ideal  In  that  no  noise  Is  present  and  the  spectra  distribution  Is  Hamming  weighted  with  less 
than  -k3  dB  sldelobes.  The  scattered  components  from  the  targets  are  obtained  by  the  first-order  diffrac- 
tion only,  and  certain  regions  where  singularities  exist  are  excluded  from  the  synthesis  procedure. 

The  backscatter  data  used  In  the  synthesis  procedure  were  started  with  the  assignment  of  a real 
function  for  the  Image-plan  scattering  Intensities.  The  relative  phases  due  to  image-plane  coordinates 
are  then  Incorporated  to  obtain  the  complex  intensity  functions  for  which  the  synthesis  procedure  Is  used 
to  solve. 


| 
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The  synthesis  method  used  is  essentially  that  of  Woodward,  reported  In  I9A6.  In  summary,  table  7 
serves  to  review  some  of  the  important  functions  treated  so  far.  Both  time-domain  and  frequency-domain 
thesis  procedures  have  been  considered.  The  two  procedures  are  analytically  Identical,  although  there 
a.e  numerical  discrepancies  due  to  truncations  and  imprec i s ions . The  effects  are  too  small  to  be  noticeable 
in  the  synthesized  images.  Both  time-domain  and  frequency-domain  images  are  found  to  be  almost  Identical 
(Yu  and  Williams,  1975)-  Also,  the  Images  synthesized  by  the  use  of  electrical-field  scattering  are 
almost  identical  to  those  obtained  through  the  magnetic-field  backscatter I ng . Although  the  backseat  ter i ng 
patterns  are  different  for  the  two  polarizations,  the  synthesized  results  are  extremely  difficult  to 
distinguish  for  targets  that  are  very  large  in  terms  of  wavelengths. 


TABLE  7.  SUMMARY  OF  FUNCTIONS  AND  DESCRIPTIONS 


FUNCTIONS 


DESCRIPTIONS 


S(f  + nf  ) 
o r 

s ( t ) 

E(fo  ♦ nf r , y) 
E 

np 

e ( t , y + p6) 
E(nf  , p6 ) 

e(t,  p6) 


Discrete  Spectra  Hamming-Weighted  for  short-pulse  radars  or 
pulse-compression  radars  with  (f  , f ) ” (carrier,  repetition) 
frequencies.  ° r 

Time-Domain  Pulses  corresponding  to  S(fQ  + nf^). 

Target-Scattered  Electric  Fields  perpendicular  to  the  plane  of 
incidence  (for  analyzing  the  scattering  of  axially  symmetric 
targets,  the  aspect  angle  y is  referred  to  the  target  axis). 

Scattered  Electric  Field  of  discrete  (frequency,  aspect  angle)  * 
(fQ  + nf^,  y + pS)  where  6 Is  a small  Increment  of  aspect  angle 

and  (n,  p)  are  designated  indices. 


Time-Domain  Pulses  of  Enp  at  an  aspect  angle  » y + pi. 

Complex  Spectra  frequency-shifted  from  carrier  to  dc  and  aspect- 
angle  shifted  from  the  target  plane  to  the  image  plane. 

Time-Domain  Pulses  corresponding  to  E(nfr>  po) . 


e(qY'/Qc,  p6) 


Sampled  set  of  e(t,  pS)  at  2Q  points  with  the  index  q. 


G(y',  z')  Assigned  Real  Electric-Field  Intensity  scattered  from  a unit  area 

in  the  image-plane  (It  is  an  unknown  function  to  be  obtained 
by  the  image-synthes i s procedures). 

G'(y',  z')  Complex  Intensity  of  the  image-plane  (y'z'-  plane)  scattering  as 

the  product  of  G(y',  z')  and  relative  phase  factors. 


G'(qY'/Qc,  p«) 


Sampled  set  of  G'(y',  z')  at  2Q  points  with  the  index  q. 


(A  > B ) Fourier  Coefficients  solved  by  the  image  synthesis  procedures  in 

the  (frequency,  time)  domain  to  construct  the  target  images  (or 
scattering  Intensity  functions). 

The  basic  concept  of  the  synthesis  procedure  Is  based  on  the  ambiqulty  criteria  given  in  table  8. 
For  a given  maximum  target  slant  size  Z1,  the  coherent  processing  rate  (the  pulse  repetition  frequency) 
should  not  exceed  c/2Z‘ . The  pulse  repetition  frequency  is  chosen  strictly  from  an  analytical  point  of 
view.  In  practice,  the  rate  is  dependent  on  the  range  of  the  target.  In  the  area  of  avoiding  the  cross- 
range ambiquity,  the  coherent  processing  interval  in  the  aspect  angle  should  also  be  limited  to  less  than 
(c/f)2Y‘  where  Y1  is  the  maximum  cross-range  size  of  the  target  to  be  imaged. 
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TABLE  8.  SUMMARY  OF  PARAMETERS  AND  INDICES 
To  Avoid  the  Slant-Renge  and  Cross-Range  Ambiguities: 


I 


I 

| 


I 


f < c/ir  and  6 < (c/f)/2Y'.  (Eq.  1«) 

(f  , f ) - (5667,  16.667)  MHz. 
o r 

(f,  fr>  c)  are  the  (highest  frequency,  repetition  frequency,  speed  of  light). 

(Z't  Y')  are  the  maximum  (length  or  depth,  width)  of  the  image  plane. 

£ is  the  incremental  aspect  angle  separating  two  neighboring  backscatteri ngs . 

Nominal  (Half-Power  Pulse  Width)  Slant-Range  Resolution: 

z'-Resolution  > (ss40  cm  for  N - 16  and  f - 16.625  MHz  used)  (Eq.  19) 

r 

The  Hamming-Weighted  Cutoff  Bandwidth  is  2Nf^. 

Maximum  Cross-Range  Sampling  Interval: 

Ay'  < (c/f)/6Q6(  a 0.3m  for  Q ■ 16  and  6 “ 0.156°  used)  (Eq.  20) 

Synthesized  image  is  sampled  with  (Ay',  Az ')  =■  (0.3m,  0.3m). 

The  upper  limits  of  all  indices  are  set  N“Q«P“S”I6. 


The  Image-plan  sampling  after  the  completion  of  the  synthesis  procedure  Is  chosen  to  be  0.3m  x 
0.3m.  This  is  adequate  In  terms  of  the  slant-range  and  cross-range  resolution  capabilities  inherent  in 
the  synthesis  procedure  chosen.  Although  the  synthesis  performed  here  Is  similar  to  that  of  synthetic 
aperture  radars  used  In  ground  mapping,  the  simulation  algorithms  are  different  In  three  respects. 

First,  no  doppler  frequencies  are  used  here  to  provide  a cross-range  resolution.  Second,  the  cross-range 
resolution  is  independent  of  antenna  size  and  can  be  as  small  as  desired.  Third,  the  targets  are  entirely 
in  the  far  zone  and  no  quadratic  phase  terms  are  used. 

The  complete  algorithms  developed  for  both  analysis  and  synthesis  can  be  used  for  simulating  the 
wideband  radar  imaging  performance.  The  Hamming  weighting  is  chosen  to  approximate  the  practical  limita- 
tions In  the  dynamic  range  of  most  radars.  Nevertheless,  there  are  radars  that  can  be  designed  to  perform 
with  a dynamic  range  larger  than  60  dB.  Therefore,  It  may  become  necessary  to  adapt  another  type  of 
weighting  that  can  reduce  sldelobe  levels  to  less  than  50,  or  even  60  dB. 

A more  realistic  simulation  of  radar  performance  Is  to  introduce  simulated  noise  and  to  Incorporate 
the  capabilities  of  thresholding  and  filtering  to  allow  the  enhancement  of  weak  scattering  centers.  The 
thresholding  and  digital  filtering  can  perhaps  be  considered  as  future  Improvements  for  synthesizing 
unique  images  for  all  targets  with  both  strong  specular  returns  and  weak  scattering  centers. 

3.  SIGNAL  PROCESSING  ANTENNA  ARRAY 

LP  antennas  have  a broadband  capability  with  dispersive  characteristics.  If  treated  as  a filter 
function.  It  can  disperse  a coherent  short  pause  used  as  the  driving  source.  It  can  also  perform  pulse 
compression  If  the  driving  source  is  conjugate-matched  to  the  phase  function  of  the  LP  antenna. 

This  section  will  first  describe  measurements  made  on  the  radiation  field  of  LP  antennas.  The 
results  are  then  digitized  to  analyze  the  dispersive  characteristics  of  which  the  LP  phase  functions  are 
established  for  analytical  modeling. 

The  measurement  of  the  dispersive  characteristics  of  six  antennas  has  led  to  the  conclusion  that 
they  have  uniform  fractional  bandwidth,  centered  around  their  radiation  elements.  The  dispersive  charac- 
teristics are  then  modeled  to  simulate  the  capability  of  performing  pulse  compressions  when  the  conjugate- 
matched  sources  are  made  available. 

The  last  part  of  this  section  will  consider  the  formulation  and  the  numerical  results  of  radiation- 
field  compression.  Because  of  the  concern  with  the  danger  of  hlgh-fleld  breakdown,  special  emphasis  is 
placed  on  the  analysis  of  near-fleld  compression  phenomena. 
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3.1  Radiated  Dispersive  Pulse 

An  instrumentation  block  diagram  is  shown  In  figure  15  for  the  radiation-field  measurement  of 
antenna  ASN-117AA.  The  source  used  to  drive  the  antenna  Is  an  approximation  to  an  impulse  generator. 

The  "impulse"  Is  used  to  drive  the  antenna  and  the  radiated  pulse  is  measured  by  a short  stub  sensor. 

The  radiated  waveform  is  recorded  by  the  sampling  oscilloscope. 

Prior  to  the  dispersive  pulse  measurement,  a test  on  the  sensor  probe  Is  performed  using  the 
measurement  configuration  of  figure  16.  The  radiating  antenna  In  this  particular  arrangement  is  a long- 
wire  monopole  which  is  known  to  radiate  nearly  the  duplicate  of  the  driving  source  if  the  wire  and  the 
ground  plane  is  indefinitely  long.  In  the  bottom  half  of  the  same  figure,  both  the  pulser  waveform  and 
the  waveform  received  by  the  short  stub  monopulse  are  shown  for  comparison.  Because  of  the  practical 
limitations  in  the  cable  sizes,  the  received  pulse  is  only  approximately  the  same  as  the  pulser  waveform. 
This  short  stub  receiver  probe  is  used  to  measure  the  dispersive  antenna  under  consideration. 

Making  use  of  the  dispersive  antenna  as  a radiator,  the  dispersive  waveform  received  by  the  short- 
stub  probe  is  shown  in  figure  17-  The  total  dispersion  time  is  approximately  15  ns.  The  pulser  waveform, 
also  shown  in  figure  17,  is  estimated  to  have  about  1.5  ns  duration.  Therefore,  the  antenna  under  test 
has  dispersed  the  driving  waveform  by  a factor  of  about  10. 

The  results  of  the  driving  pulse  and  the  d i spersed- rad i a t ion  pulse  are  digitized  to  perform  spectral 
analysis.  The  digitized  dispersive  waveform  is  shown  at  the  top  of  figure  18.  The  complex  spectrum  of 
this  dispersed  pulse  has  been  divided  by  the  spectrum  of  the  driving  pulse  to  obtain  the  transfer  function 
with  amplitude  and  phase  as  plotted  in  figure  18.  The  spectrum  variation  from  0.<4  GHz  to  <4  GHz  is  about 
9 dB  which  might  have  been  contributed  by  the  probe  sensitivity.  The  more  important  aspect  of  the  transfer 
function  is  the  phase  angle  that  has  a clear  log-periodicity  from  .2  to  I GHz.  On  both  sides  of  this 
bandwidth,  the  LP  phase  characteristics  do  not  exist.  The  nonperiodicity  below  0.2  GHz  is  outside  of  the 
lower  limit  of  specified  operating  bandwidth.  The  nonperiodicity  above  i GHz  is  probably  contributed  by 
the  weak  spectral  strength  in  the  driving  pulse  waveform  and  the  practical  imprecision  associated  with 
antenna  fabrication.  For  the  purpose  of  analytical  modeling,  the  LP  phase  from  0.2  to  1.0  GHz  will  be 
assumed  to  extend  over  the  entire  specified  operating  bandwidth  (0.<4  to  <4.0  GHz)  of  ASN-II7AA. 

3-2  LP  Dipole  Array  Characterization 

In  addition  to  the  measured  antenna  ASN-I17AA,  other  antenna  measurements  from  RADC  (Rome  Air 
Development  Center)  have  also  been  analyzed.  A summary  of  the  antennas  which  were  analyzed  during  the 
program  is  listed  in  table  9.  The  data  in  the  last  two  columns  are  analyzed  results  under  ideal  LP 
conditions  over  the  specified  bandwiaths.  Similarly,  the  potential  values  of  N are  evaluated  by  equation 
23  to  represent  the  possible  number  of  active  regions.  These  analyzed  data  will  be  discussed  in  section 
3*3  The  remaining  data  of  the  table  are  the  manufacturer's  specifications. 


TABLE  9-  SOME  SPECIFICATIONS  AND  RESULTS  FOR  THE  ANTENNAS  ANALYZED. 
(ALL  ANTENNAS  ARE  BY  AEL  (AMERICAN  ELECTRONIC  LABORATORIES,  INC.)) 


MODEL 

BY 

AEL 

ANTENNA  TYPE 

BANDWIDTH 

(GHz) 

POLARIZATION 
(POTENTIAL  N) 

cw 

GAIN 

(dB) 

DIMENSIONS 

TRANVERSE 

(cm) 

AXIAL 

(cm) 

1 

tn ( 1+6) 

6 

ASN-1232A 

CAVITY -BACKED 
SPIRAL 

0.2  - <4.0 

CIRCULAR 

(50) 

6 

<46 

27 

17.1 

0.06 

ASN-117AA 

CAVITY-BACKED 

SPIRAL 

0.<4  - <4.0 

CIRCULAR 

(19) 

6 

30 

15 

8.77 

0.12 

ASN-II6A 

CAV ITY-BACKEO 
SPIRAL 

1.0  - 10.0 

CIRCULAR 

(20) 

6 

16 

8 

8-95 

0.118 

APX-25'tA 

CROSSED 

PLANAR 

LOG-PERIODIC 

0.<4  - <4.0 

LINEAR 

(35) 

7 

<4 1 

58 

15.5 

0.069 

APN-995B 

COPLANAR 

LOG-PERIODIC 

0.03  - 1.1 

LINEAR 

(<47) 

6 

503 

263 

13- <4 

0.079 

APN-502A 

PYRAM 1 DAL 
LOG-PERIODIC 

0.2  - 3-0 

LINEAR 
( 1 <4 ) 

11 

97 

79 

5.6 

0.195 
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Allowing  that  the  transfer-function  amplitude  of  an  LP  antenna  can  be  compensated  to  a desired 
distribution  by  adjusting  a transmitter  output,  a special  emphasis  on  phase-angle  characterization  Is 
made  for  the  purpose  of  signal  processing.  Analysis  of  measured  results  for  all  antennas  has  Indicated 
that  the  phase  angles  are  nearly  log  periodic  over  large  portions  of  their  operating  bandwidths.  Figure 
19  is  a summary  of  the  phase-angle  functions  that  are  measured  to  have  constant  slopes  along  the  operating 
frequencies  in  log  scale. 

3.3  Analytical  Model  of  LP  Filter  Function 

The  overall  phase  functions  of  LP  antennas  and  the  phase  functions  of  decomposed  active  regions 
are  summarized  In  table  10.  Equation  21  is  obtained  under  the  assumption  that  within  the  entire  operating 
bandwidth,  the  phase  function  is  ideally  log-periodic.  The  parameter  6 Is  associated  with  the  fractional 
bandwidth  which  is  constant  for  all  act’ive  regions.  Frequency  assignments  in  each  active  region  and  the 
total  number  of  active  regions  are  given  in  equations  22  and  23,  respectively.  The  separation  between 
two  neighboring  regions  is  by  a phase  angle  x. 

The  extremely  broad  bandwidth  of  a log  periodic  antenna  has  been  analytically  represented  as  a 
filter  function.  However,  there  is  an  inherent  difficulty  In  defining  the  signal  processing  procedures 
regarding  signal  group  velocity  and  Instantaneous  frequency.  The  approach  in  this  paper  is  to  decompose 
the  entire  transfer  function  of  an  LP  filter  Into  N active  elements  that  are  consistent  with  the  narrow- 
band  signal  characteristics.  The  elemental  bandwidths  of  decomposed  filter  functions  may  be  defined  In 
two  ways.  If  the  spectral  sampling  is  made  by  using  a Hamming-weighted  function  that  extends  to  the 
neighboring  elements,  the  "cutoff"  bandwidth  would  be  26fno  and  the  effective  bandwidth  is  about  6fno. 

If,  on  the  other  hand,  the  spectral  sampling  is  made  with  a rectangular  pulse  without  extending  to  the 
neighboring  elements,  the  cutoff  bandwidth  and  the  effective  bandwidth  are  equal  and  are  designated  also 
as  24fnQ  with  the  understanding  that  the  5 will  be  one-half  the  6 used  In  Hamming-weighted  sampling. 

This  latter  case  is  the  definition  used  in  equation  24. 


TABLE  10.  ELEMENTAL  FREQUENCIES  AND  ACTIVE  REGIONS  ASSIGNED  TO  LOG-PERIODIC  ANTENNAS 

Spectral  Phase  Function  of  LP  Antennas: 

8(f)  « a b£n(f),  where  8(f  ) • o and  8 ( f ) - -{N+l)»; 

h £ 

' £n (T+T)  ln(f/V  • Vf£  " (,+«)N+l-  21) 

The  total  number  of  active  regions  is  N,  and  the  phase  slope  along 
£n(f)  Is  b * n/£n(l+6) . 

(fj.y  " (lowest,  highest)  "cutoff"  frequencies  of  the  bandwidth. 

The  parameter  6 is  associated  with  the  fractional  (percentage)  bandwidth. 

Equal  Fractional  Bandwidth  of  All  Active  Regions  (n  - 1,2, 3, ...N): 

fnh  " and  Enl  “ (1*4)  f^,  where  f Is  the  nth  center  frequency.  (Eq.  22) 

N “ ln(fh/fe)/tn0+4)  -I  - £n(fh/fNo)y/tn(l+6).  (Eq.  23) 

Elemental  Phase  Function  of  the  nth  Active  Region: 

9n(f)  • I^4T  [tn(fno'fh>  * <f/f  no  *’>  + “”] 

(f-f)* 

+ 7 £n(l+4)  " *nlr  + (f  ' fno)l,/fno4’  f°r  4 <<  ' (Eq’  2M 

no 

The  elemental  bandwidth  Is  equal  to  24f  for  uniform  spectral  density. 

no 
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The  decompositions  of  the  entire  transfer  function  into  N segments  of  narrow-band  filter  functions 
are  summarized  In  table  II.  The  composite  filter  function  can  now  be  expressed  in  equations  27  and  28  as 
a discrete  set  of  filters  with  distinct  instantaneous  frequencies  and  with  distinct  group  velocities. 

The  frequency-domain  characterizations  in  equations  25  and  27  are  made  with  the  assumption  that  the 
spectra  density  is  uniform.  The  corresponding  time-domain  characterizations  in  equations  26  and  28  are 
the  results  of  this  assumption. 


TABLE  11.  BROADBAND  TRANSFER  FUNCTION  BY  NARROW-BAND  ANALYSIS  AND  SYNTHESIS 


Active  Regions  With  Small  Fractional  Bandwidth  and  Constant  Amplitudes: 


0 (f)  »-(n+l/5)x  + fx/f  6.  (1-5)  f < f < ( 1+6)  f 
n no  no  no 


-0+6) 

1 -6) f _ 


exp(-j0n(f)  + j2xft)  df  - 2fnQ6 


sin(2xf  6t  - x) 

6 , n°-; r—  exp(J2xf  t+nx) 

no  (2xf  6t  - x)  K J no 


Frequency  and  Time-Domain  Characterization  of  LP  Antennas  With  Uniform  Spectrum: 

N N 

S(f)«5Z  exp(-j0  (f ) ) - exp(+jx/6)  + ^2  exp(+jnx  - jxf/f  6) 
n • no 

n* 1 n* I 


sin  (2xf  6t  - x) 
no 


s (t)  26^''  f i n°  r—  exp(j2xf  t + nx) 

' ' C-(  no  (2xf  6t  - x)  no 


Elemental  group-delay  time  is  0'(f)/2x  = 1 /2f nQ6 


(Eq.  25) 
(Eq.  26) 

(Eq.  27) 
(Eq.  28) 


3 .A  Numerically  Simulated  LP  Dispersion 

Table  12  summarizes  the  analytical  simulation  of  an  LP  filter  function.  The  bandwidth  starts  from 
0.156  to  2.0  GHz.  The  spectra  weighting  function  is  chosen  as  the  square  root  of  the  Hamming-weighted 
function  to  approximate  more  closely  the  actually  measured  distributions.  The  distribution  in  each 
active  region  is  also  assumed  as  the  square  root  of  the  Hamming-weighted  function.  The  phase  functions 
for  the  entire  filter  as  well  as  the  elemental  filter  are  maintained  to  be  log  periodic  in  equations  29 
and  30.  Both  amplitude  and  phase  of  equation  29  are  plotted  in  figure  20  using  linear  frequency  scale. 

The  amplitudes  at  the  cutoff  frequencies  are  about  -10  dB.  A total  of  13  x-phase  variations  is  seen  to 
result  from  the  choice  of  13  active  regions. 

Figure  21  is  the  result  of  a composite  impulse  response  summarized  in  equation  31.  This  dispersed 
pulse  is  the  sum  of  all  the  contributions  from  13  pulses  defined  in  equation  32.  Examples  for  the  pulses 
contributed  by  the  1st,  6th,  and  10th  active  regions  are  given  in  figures  22  and  23.  The  value  of  6 for 
this  example  is  0.2  to  simulate  the  antenna  APN-502A  in  table  9-  The  dispersed  duration  in  figure  21 
agrees  well  (Wiggins  and  Yu,  197*t)  with  that  measured  for  APN-502A. 

3.5  Two-Way  (Transmit  and  Receive)  Compression  Gain 

In  order  to  use  the  dispersive  properties  of  LP  antennas  to  perform  pulse  compression,  the  driving 
source  is  required  to  have  reversed  dispersion  in  the  time-domain  characterization.  In  the  frequency 

domain,  the  driving  source  function  needs  to  be  a complex  conjugate  of  the  LP  filter  function.  Assuming 

an  LP  antenna  is  to  be  used  for  this  compression  during  transmit  and  receive,  the  equations  in  table  13 
can  be  used  to  simulate  Its  performance. 

An  LP  antenna  can  be  treated  as  a reciprocal  filter  (i.e.,  the  lower  frequency  signals  are  expo- 
nentially delayed  during  both  transmit  and  receive).  A conjugate-matched  transmitter  phase  furction  will 
be  required  to  have  twice  the  LP  phase  function  with  negative  sign.  With  this  transmitter  phase  function, 
uniform  and  exponential  spectral  densities  are  shown  In  equations  33  and  3k. 

Assuming  that  the  LP  fileter  has  a flat  spectrum  in  its  impulse  response  and  that  a point  target 

is  used  to  backscatter  Its  radiated  pulse  back  to  the  antenna,  the  compessed  spectrum  after  transmit  and 

receive  can  be  normalized  as  equations  33  and  36.  The  compressed  pulses  in  the  time  domain  are  simply 
superposition  of  all  elemental  pulses  whose  peaks  have  been  made  coincident  in  time.  Equations  37  and  38 
give  the  peak  values  as  products  of  the  first  elemental  peak  value  and  other  LP  filter  parameters.  The 
energy-density  compression  gains  (G|,  Gj)  are  finally  obtained  for  the  assumed  (uniform  spectrum,  exponential 
spectrum)  transmitter  waveforms.  As  has  been  discussed  earlier.  It  Is  noted  that  the  parameter  6 is 
defined  for  Hamming-weighted  spectral  function  with  (2fn<J6,  f _6 ) as  the  cutoff,  "effective")  bandwidths 
in  the  nth  active  region.  The  cutoff  bandwidth  of  a rectangular  spectral  function  has  also  been  designated 
2fn<J6.  Since  the  cutoff  bandwidth  in  this  case  is  Identical  to  the  effective  bandwidth,  the  value  of  6 
should  be  reduced  to  one-half  of  that  used  In  Hamming-weighted  sampling  function. 
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TABLE  12.  NUMERICAL  EXAMPLE  APPROXIMATING  THE  MEASURED  ANTENNA  (ASN-II7AA) 


REGION 

f 

no 

J* 

1 

I.667E+09 

2.000E+09 

1 . 389E+09 

2 

1 . 389E+09 

1 .667E+09 

1 . 1 57E+09 

3 

1 . 1 57E+09 

1 .389E+09 

9-645E+08 

A 

9.645E+08 

1 . 1 57E+09 

8.038E+08 

5 

8.038E+08 

9.645E+08 

6.698E+08 

6 

6.698E+08 

8.038E+08 

5.582E+08 

7 

5.582E+08 

6.698E+O8 

4.651E+08 

8 

4.651E+08 

5.582E+08 

3.876E+08 

9 

3.876E+08 

4.651E+08 

3.230E+08 

10 

3.230E+08 

3.876E+08 

2.692E+08 

II 

2 . 692E+08 

3.230E+08 

2.243E+08 

12 

2.2A3E+08 

2.692E+08 

1 .869E+08 

13 

1 .869E+08 

2.243E+08 

1.558E+08 

Normalized  Spectrum  of  Log-Periodic  Filter  Function: 

1/2.  \ 

S(f)  0.54  + 0 . 46cos  — Jexp/_F-7T-7r_](Eq.  29) 


Complex  Spectra  in  Active  (Elemental)  Regions: 
r 1/2 

*(f  ' f)  1 

S (f)  » S(f  ) 0.5*i  + 0.46cos  i ^2 . 

n no  f - f 

nh  no 


exp(-j¥f/fno«). 


(Eq.  30) 


fQ  - (fh  + fe)/2  - 1.073  GHz. 


Composite  Impulse  Response: 
13 

Mt)  - Z %<*>• 

n-1 


(Eq.  31) 


f (1+6) 

/no 

s 


Sn(f)exp(j2xft)df 


f (!•«) 

no 


TABLE  13.  TWO-WAY  (TRANSMIT  AND  RECEIVE)  COMPRESSION  GAIN  OF  LP  ANTENNAS 


(Eq.  32) 


Transmit  Waveforms  With  Twice  the  Reversed  LP  Dispersion: 

N 

Sj(f)  - exp(j2n/6)  23  exp(j2n*  - j2nf/f  6),  and 
n-T  no 


S2 (f ) ■ exp(j2*/6)  (,+s)n  ' exp(j2nx-j2nf/fnoS),  fn£  < f < f 

n-l 


Group-advance  time  is  l/6f  =s(l+6)  /Sf,„. 

no  10 


Received  Waveforms  Using  LP  Antennas  as  Conjugate-Matched  Filters: 

N 

C,(f)  -s,(f)s,*(f)  -Z  u(f-fno) 

n*  1 
N 

C2(f)  - s2(f)s,*(f)  - Z (t+«)n+l  u(f-fno) 

n-l 


U(f-f  ) “ I for  I f-f  I < df  and  is  zero  otherwise, 
no  no'  no 


Max  c,  (t)  - c | (0)  - £ 24f(K)  - 25f)0^; 


Max  c2(t)  - c2(0)  - 2«  ^ fno(l+S)n" 


2df,0  N 


24f|0  is  the  peak  amplitude  of  the  first-region  pulse. 
Peak  Compression  Gains  Over  the  First-Region's  Peak  Energy  Density: 
Gj  * ^l+d)/d^2  for  N very  large. 


C2  - N . 
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As  an  example  of  two-way  pulse  compression,  the  compressed.pu  I se  using  an  estimated  spectrum  from 
actually  measured  results  is  shown  In  the  solid  curve  of  figure  2k.  In  contrast,  If  the  compressed 
spectra  were  Hamming-weighted,  the  compressed  pulse  would  be  that  shown  In  dashed  curve  having  a pulse 
duration  of  equal  to  two  complete  cycles  of  the  center  frequency. 

3.6  Radiated  Field  (One-Way)  Compression 

One  of  the  problems  associated  with  radiation  field  compression  (VanEtten,  1972)  is  to  determine 
the  near-field  structure  and  to  assess  the  possibility  of  hlgh-fleld  Induced  air  breakdown.  Studies  have 
been  conducted  for  IP  dipole  arrays  by  assuming  two  types  of  compression.  One  is  the  long i tud i na 1 -de lay 
compression  approximating  coplanar-type  LP  antennas  and  the  other  is  the  transversal-delay  compression 
approximating  cavity-backed  spirals.  Some  numerical  results  will  be  given  before  a conclusion  is  drawn 
on  the  issue  of  high-field  air  breakdown. 

Practical  LP  antennas  are  known  to  radiate  predominantly  in  dipole  modes.  However,  small  higher- 
order  modes  do  exist  in  all  LP  antennas,  and  these  are  significant  in  the  near-field  structure  because 
their  amplitudes  Increase  more  rapidly  toward  the  radiation  point.  Figure  25  shows  that  the  "resonant- 
dipole"  near-field  using  the  dipole  mode  above  does  "diverge"  more  gracefully  than  that  including  also 
the  octopole  and  quadrupole  modes  (Yu  and  Peters,  1970).  For  all  field  points  farther  than  0.25  wave- 
length, the  ratio  of  the  two  curves  is  at  most  1.3.  Therefore,  it  is  concluded  that  near-field  computa- 
tions for  LP  dipole  antennas  can  be  made  using  the  dipole  modes  above  so  long  as  the  field  point  Is 
maintained  outside  of  the  apparent  antenna  "volume." 

Two  types  of  radiation-field  compression  are  modeled  using  the  geometries  shown  in  figure  26.  The 
long i tud i nal-delay  compression  is  assumed  to  have  all  the  phase  angle  of  active  regions  coincident  in 
space  in  order  to  establish  an  upper  bound  on  the  near-field  intensity.  Equations  k2  and  k3  are  used  to 
compute  this  type  of  radiation  compression  as  shown  In  figure  27.  It  is  noted  that  the  near-field  structures 
are  produced  under  the  assumption  that  the  radiated  field  is  perfectly  compressed  at  a range  of  1 00  m. 

Transversal-delayed  near-field  compressions  are  computed  by  equation  kk  and  the  results  are  shown 
in  figure  28.  One  can  observe  the  Interesting  differences  between  the  two  compressions  by  referring  to 
figure  29-  The  highest  frequency  used  Is  10.2  GHz  corresponding  to  a wavelength  of  the  highest  frequency. 

The  compressed  pulses  have  their  effective  pulse  durations  equal  to  0.2  ns  or  longer.  According  to 
figure  28  and  the  tabulated  maximum  allowable  field  strength  (Wiggins  and  Yu,  197k)  it  is  concluded  that 
both  types  of  field  compression  will  not  induce  air  breakdown  at  ranges  larger  than  1.5  cm  for  the  parameters 
shown  in  table  Ik.  For  the  long i tud I na l-delayed  near-field  compression  at  ranges  less  than  1.5  cm,  the 
peak  field  will  rapidly  reach  the  maximum  allowable  value  of  15  MV/m  and  may  induce  air  breakdown. 

The  ultimate  pulse  compression  of  an  LP  antenna  Is  shown  on  the  top  of  figure  30.  Further  compres- 
sion in  angular  extent  is  possible  by  forming  an  array  of  LP-dlpole  arrays.  Regardless  of  what  type  of 
LP  arrays  are  used,  grating  suppression  in  the  higher-frequency  regions  would  have  to  be  accomplished  to 
produce  the  space-time  compressed  pulse  shown  in  the  bottom  of  figure  30.  The  space-time  pulse  compression 
may  be  useful,  among  others  In  future  deep-space,  low-data-rate  communications. 


TABLE  Ik.  RADIATED  (ONE-WAY)  PULSE  COMPRESSION  WITH  HAMMING  WEIGHTING 


Radiated  Fields  Approximated  for  Long i tud i na I -Delay  Pulse  Compression: 

n(f-f) 


120  I 

E (r  ,f)  — - — — 


0.5k  + 0. k6  cos-y  _(° 
h o 


I - 0. 5(2sf r/c)  2 -j (2*f r/c)" * 


]■ 


l„  is  the  Pe*k  dipole-current  density  at  the  center  frequency. 


E(r,f ,rQ) 


[E(r,f)j/[E(ro,f)/|E(ro,f)|]. 


All  phase  centers  of  LP  elements  are  assumed  coincident  In  space. 


(Eq.  k2) 


(Eq.  k3) 


E(r  ,f)  is  the  compressed  field  at  r In  the  far  zone  of  LP. 
o o 

-8 

0o.  rD>  f fh)  - (10  Amp/Hz,  100  m,  (0.2,  5.2,  10.2)  GHz)  are  used. 
The  peak  current  with  2 GHz  bandwidth  would  be  20  amperes. 

Radiated  Fields  by  Transversal-Delay  Pulse  Compression: 


E(r,r  , f,r 
n o 


-N,  »(f-f  )1 

>-Z  E(rn.  fno,  rQ)  0.54  ♦ 0.k6  cos 

n*i  l nh  no  J 


cose  , f 0 <f<  f . 
n nl  nn 


Phase  centers  are  spatially  displaced  to  approximate  cavity-backed  LP  antennas. 


(Eq.  kk) 


_ 
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J.7  Signal -Processing  Array  Summary 

An  analytical  model  of  the  LP  antenna  has  been  formulated  through  characterizations  of  radiated 
dispersive  pulses.  Decomposition  of  the  broadband  LP  filter  function  has  been  performed  to  Identify  the 
narrow-band  active  regions  for  the  purpose  of  defining  signal  group  delays  and  Instantaneous  frequencies. 
Synthesis  of  these  active  regions  permit  straightforward  signal  processing  that  Is  essential  In  the  under 
standing  of  pulse  dispersion  and  compression.  Energy-density  compression  gains  have  been  established  for 
two  types  of  spectral  distributions  required  of  the  transmitter  waveform  for  conjugate-matching.  These 
gains  are  capable  of  reaching  the  AO  dB  range  If  the  number  of  active  regions  can  be  designed  to  be  100 
or  more.  The  same  gain  could  also  be  reached  by  designing  an  LP  with  effective  fractional  bandwidth 
around  0.03A  or  3. A.  Table  IS  gives  a summary  of  the  functions  discussed  on  signal  proceslng  antennas. 


TABLE  15.  SUMMARY  OF  FUNCTIONS  AND  DESCRIPTIONS  FOR  LP  ANTENNAS 


i 


FUNCTIONS 


DESCRIPTIONS 


0(f) . en(f) 

(fno*  2*> 
«/ln(l+4) 

2«f 


l/24f 


‘‘"no1 


-1 


M 


G2*  n 


E(r,  f,  rQ) 

E(r,  r , f,  r ) 
n o 


(Continuous,  Elemental)  Log-Periodic  Phase  Functions  of  Antenna. 
Elemental  (Carrier  Frequency,  Fractional  Bandwidth). 

Phase  Slope  of  e ( f ) In  the  in ( f ) domain. 

Elemental  Bandwidth  or  Pulse  Peak  of  the  n1*1  element  with  unity 
spectrum. 

Elemental  Group-Delay  Time  of  the  n1^  element  In  transfer  function. 

Group-Advance  Time  required  of  the  transmitter-dispersed  pulse  for 
performing  two-way  (transmit  and  receive)  pulse  compression  by  con- 
jugate-matched filtering. 

Energy-Density  Compression  Gain  (over  the  Ist  group  density)  by 
using  LP  antenna  as  the  two-way  conjugate-matched  filter.  If  the 
reversed  twice-dispersed  pulse  is  of  a uniform  spectrum. 

Energy-Density  Compression  Gain,  If  the  dispersed  pulse  has  a 
spectrum  of  (l+4)n  1 with  N » the  total  log-periodic  elements. 

Approximate  Long i tud inal-Delay  Compressed  Electric  Field  radiated 
by  a coplanar  LP  dipole  antennas  driven  by  a conjugate-matched  source. 

Approximate  Transverse-Delay  Compressed  Electric  Field  radiated  by  a 
cavity-backed  spriral  and  detected  by  a linearly-polarized  probe. 


Radiatlon-f leld  compressions  has  been  analyzed  with  emphasis  on  the  near-fleld  structures.  Based 
on  the  available  data  of  power-handling  capabilities,  the  LP  antennas  analyzed  here  are  not  expected  to 
Induce  high-fleld  breakdown  before  the  antennas  reach  voltage  breakdowns  on  the  antenna  structures. 

Space-time  compression  appears  to  have  potential  for  Incorporation  into  certain  radar  systems  with  extremely 
high  radiated-power  densities. 

A.  CONCLUSION 

The  synthesis  procedure  Indicates  that  the  Image  cross-range  resolution  can  be  made  arbitrarily 
small.  However,  the  sampling  theorem  Indicates  that  a one-half  wavelength  Interval  should  contain  all 
the  information  In  the  scattering  density  function.  Therefore,  the  resolution  limit  of  the  developed 
synthesis  procedure  Is  considered  to  be  one-half  wavelength  of  the  radar  center  frequency.  Further 
Improvement  In  Image  resolution  is  In  the  slant-range  resolution. 

The  pulse  compression  antennas  have  the  capability  of  being  extremely  broadband.  Assuming  the 
coherently  compressed  pulse  has  an  Ideal  Hamming-weighted  spectrum,  the  nominal  slant-range  resolution 
can  be  one  wavelength  of  the  radar  center  frequency.  Therefore,  the  ultimate  resolution  capability  of 
radar  Imaging  Is  estimated  to  be  one  squared  wavelength.  This  capability  appears  to  be  attractive  for 
imaging  deep-space  targets  such  as  geosynchronous  satellites  or  planets. 

Should  broadband  LP  antenna  arrays  be  used  for  radar  pulse  compression,  the  selection  of  fractional 
bandwidth  depends  entirely  on  the  transmitter  which  may  be  a parallel  of  transmitter  banks  whose  availability 
can  be  automated  through  computer  selection.  This  means  that  within  the  extremely  broad  bandwidth,  the 
aglll  ty  of  operating  frequencies  can  be  programmed  with  relative  ease.  The  attendant  signal  processing 
can  also  ba  automated  through  the  use  of  narrow-band  active  region  designations.  Compression  gains  can 
be  systematically  estimated  through  the  algorithms  developed  here.  One  area  that  requires  further  study 
Is  the  spectral  weighting  after  pulse  compression.  This  study  will  provide  Insight  Into  the  time  sldelobe 
levels  required  to  avoid  overshadowing  of  weak  scattering  centers. 
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A diversified  radar  tarnsmltter  waveform  Is  made  possible  by  using  predetermined  active  regions 
and  coded  sequencing  through  narrow-band  signal  management  and  blocked-bnad  transmitters  operated  in 
parallel.  Information  regarding  the  sequenced  active  regions  may  be  stored  in  computers  for  every  trans- 
mitted pulse  group,  and  the  conjugate-matched  pulse-compression  filter  banks  would  be  ready  to  process 
target-returned  signals. 

Potential  advantages  and  limitations  of  a better  radar  signal  resolution,  frequency  agility,  and 
waveform  diversity  require  more  quantitative  studies  based  on  the  deterministic  algorithms  developed  here 
with  the  introduction  of  both  deterministic  and  random  noise  Into  the  space-time  domain. 
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Fig.  1 Discrete  spectral  density  H(f)  centered  at  the  carrier  frequency  f„  of  periodic  pulses 
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Fig.  2 The  target  plane  (yz  plane)  and  the  image  plane  (y'z'  plane)  with  30°  aspect  angle 

for  a three-point  target 
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Fig.3  A circular-cylinder  s target  plane  (yz  plane)  and  image  plane  rotated  with  aspect  angle  7 
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Fig. 4 A complex  targe 
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Fig.  15  Instrumentation  for  the  dispersed  pulse  measurements  at  BDM/Albuquerque 


f 


37 -23 


Fij:.  16  Long-wire  monopulse  transmit  and  short-stub  receive  measurements,  (a)  Transmit-receive  arrangement. 
<b)  Pulser  waveform,  and  (c)  Received  waveform.  (Coaxial  cable  with  ID  = 02  cm,  OD  = 0.7  cm  and  plastic  jacket. 

Photos  are  in  200  ps  and  100  mV  per  division) 


Fig  1 7 Dispersed  pulse  (lower  trace)  and  pulser  waveform  (upper  trace)  using  transmitting  antenna 
(ASN-1 17AA  of  American  Electronic  Laboratories,  Inc.)  and  receiving  stub 
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Fig. 24  Compressed  pulses  of  an  estimated  spectral  distribution  of  an  actual  antenna  (solid)  and  an 
ideal  Hamming-Weight  spectral  distribution  (dashed)  from  0.5  to  6.5  GHz 


Fig  .30  Possible  radiation  pulses  of  a single  and  “arrayed”  antennas  driven  by  conjugate-matched  pulses 


DISCUSSION 


J LANDRETH:  1)  Did  you  consider  the  work  of  Dr  Moffat  of  Ohio  State  University,  on  transient 

waveforms  for  simple  shapes,  In  the  development  of  a simulator  to  attain  the  time- 
domain  response  of  a complex  object? 

2)  What  problems  do  you  envisage  In  the  synthesis  of  the  time  domain  response  when 
the  antenna  Is  In  the  Fresnel  field  of  the  target? 

3 S : 1)  T am  aware  of  this  work,  but  we  did  not  use  our  responses  to  perform  Image 

synthesis.  However,  the  time-domain  data  of  the  present  technique  have  been  used 
for  synthesis  and  produce  the  same  result. 

2)  Our  study  did  not  have  the  near-fleld  problem  because  the  targets  are  well  in 
the  far  rone.  If  a target  Is  In  the  Fresnel  zone  the  quadratic  phases  would  have 
to  be  compensated,  or  focussed.  In  order  to  obtain  a well-focussed  coherent  linage. 
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SUMMARY 

A multiple  beam,  menepulee  type  array  antenna  ia  presented.  The  antenna  solution 
has  been  chosen  after  a trade-off  study  and  experimental  verification  of  the  achievable 
performances . 

The  antenna  beams  are  Independently  soanned  In  elevation  and  independent  optimization  of 
the  sum  and  difference  illumination  distribution  for  high  performance  monopulse  operation 
is  provided.  Use  is  made  of  an  RF  matrix  comprising  a center  fed  dual  series-feed  net- 
work fer  each  beam.  Diode  and  ferrite  phase  shifters  perform  the  scanning  of  the  beams, 
each  in  its  angular  sector  of  the  coverage  elevation  angle.  A set  of  stacked  linear  ar- 
rays of  radiating  elements,  saoh  fed  by  a power  dividing  network,  in  a planar  array  con- 
figuration, is  utilized  for  the  azimuthal  beam  forming. 

The  antenna  operating  principles  are  outlined,  and  the  chosen  solution  and  the  design  cri_ 
terla  ars  praaented.  Some  realization  techniques  of  the  various  components  are  described 
and  the  main  characteristics  of  ths  antenna  Bystem  are  summarized,  after  a presentation 
of  seme  significant  experimental  results. 

1 . INTRODUCTION 

The  antenna  described  in  this  paper  has  been  developed  for  use  in  a long  ran- 

ge, nultiple  bean,  3D  phased  array  radar  for  air  surveillance.  The  study,  design  and  de- 
velopment  of  ths  antenna  system  is  part  of  a program  contracted  to  Selenia  by  the  Italian 
Defenss  Administration.  The  acceptance  test  of  the  antenna  protetype  is  scheduled  by  the 
and  of  1976.  Ths  antonna  systen  consists  of  a planar  array  fed  by  a multiple  beam  form- 
ing natrlx  and  it  has  been  designed  for  air  transportation.  Mobile  versions,  with  short 
tins  deployment  capability,  can  be  derived.  The  antenna  is  nechanically  scanned  over  360° 
in  azinuth  at  6 r.p.n.  Multiple  bean  scanning  in  elevation  up  to  30s  is  provided  by  fer- 
rite and  diode  phase  shifters.  Elevation  angle  data  are  obtained  by  processing  the  re- 
ceived signals  from  the  individual  independent  contiguous  beams  in  the  sum  and  difference 
nodes  . 

Frequency  agility  capability  is  provided  and  the  beams  can  be  independently  scanned,  each 
in  its  own  elevation  coverage  sector.  The  low  sidelobe  level,  characteristic  of  the  pla- 
nar array  configuration,  is  an  effective  characteristic  to  minimize  the  effects  of  noise 
jannlng.  Besides,  the  sidelobe  structure  and  its  frequency  dependence  in  the  operating 
band  permits  an  additional  antijamming  capability,  by  means  of  an  automatic  selection  of 
the  mlnimun  jamming  disturbance  frequency  of  operation. 

Ths  nochanical  struotura  of  ths  antenna  la  extremely  compact  and  extensive  uBe  is  made  of 
special  fabrication  techniques,  suitable  for  large  scale  repeatable  production  of  parts, 
like  dip-brazing  of  waveguide  components  and  precision  photoetching  of  RF  circuitry  and 
radiating  alsments.  The  antenna  is  protected  by  a radio  frequency  transparent,  plane  co- 
ver with  honeyoonb  structure  for  naximun  stiffness  and  minimum  weight.  Bo  pressurization 
is  necessary  to  satisfy  the  required  power  handling  capability,  neither  special  cooling 
nor  heating  systems  ars  requested. 

2.  AITEIIA  SOLUTION  TRADE-OFFS 

In  order  to  porforn  volunetrlo  (3D)  search,  various  antenna  systen  configurations 
can  be  envisaged.  Adaptability  to  systen  requirements,  minimization  of  sidelobe  levels, 
angular  ooverago,  broad  frequency  band  capability  are  relevant  characteristics. 

Full  mechanical  soannlng  or  full  electronically  soanning  antenna  systens  have  been  exclude 
od  respectively  for  system  requirements  and  coat  and  complexity  of  the  solution.  Combin- 
ed machanloal  and  electronically  soannlng  antenna  system  have  therefore  been  considered. 
Meohanloal  azimuthal  soannlng  is  perfornsd  by  continuous  antenna  rotation.  Electronic 
soannlng  in  slsvatlon  oould  bs  obtained  by  making  use  of  frequenoy  or  phase  scanning  tech 
nlquss.  ECCM  and  transmitter  considerations  have  favoured  a phase  scanning  antenna  sy- 
stem with  multiple  beams  independently  soanned.  Use  of  elevation  nonopulse  technique  as- 
sociated to  oaoh  bean  allows  accurate  elevation  angle  measurements. 

Multiple  beams  from  a oonnon  aperture  oan  bo  obtained  from  an  optloally  fed  system  (as 
in  ths  eass  sf  multiple  primary  feeds  in  the  fooal  region  of  reflootor  systens  or  lenses), 
or  from  a matrix  fed  array  of  elements.  Optloal  fsodlng  systems  consisting  of  simple  re- 
flsotsr  fed  by  a olustsr  of  adjaoont  foods  have  inherent  poor  soannlng  capability,  slnoo 


the  beam  shape  Is  deteriorated  quite  rapidly  at  only  a few  beamwldtha  of  bean  squint  from 
broadside.  Use  of  lens  systems  would  Imply  a mechanically  cumbersoae  solution  with  some 
problems  to  obtain  different  antenna  beamwldths  at  different  elevation  angular  ranges  as 
required  by  system  considerations. 

Matrix  fed  linear  arrays  appear  a more  attractive  solution  to  form  multiple  beams  in  the 
elevation  plane.  The  required  azimuth  beamwldth  can  be  obtained  from  a single  curvature 
optical  system,  as  cylindrical  reflector  or  lenses,  or  by  means  of  stacked  azimuthal  beam 
forming  networks.  The  latter  solution  has  been  preferred,  due  to  Its  compactness  and 
better  possibilities  of  controlling  the  illumination  distribution  and  therefore  the  azi- 
muthal beam  characteristics. 

3.  DEFINITION  OF  THE  CONFIGURATION  OF  THE  ELEVATION  BEAM  FORMING  NETWORK 

In  order  to  obtain  the  proper  phase  and  amplitude  distribution  of  the  illumination 
over  the  elevation  aperture,  various  feeding  systems  can  be  envisaged , that  fall  into  the 
following  principal  classes:  parallel  feed  (with  the  corporate  feed  as  special  case),  ■< 
rise  feed  and  combination  of  parallel  and  series  feed  [1J . Series  feed  networks  present 
some  advantages  in  the  present  case,  since  a more  compact  configuration  and  monopulse 
mode  operation  are  obtained.  In  a series  feed,  for  the  elevation  beam  forming  network, 
the  power  is  progressively  coupled  from  a main  feed  line  to  the  elements  of  the  vertical 
array.  The  array  is  of  the  travelling-wave  type  and  the  power  beyond  the  last  element 
is  absorbed  by  a matched  load.  Since  monopulse  operation  is  required,  center  feeding  can 
provide  sum  and  difference  beams. 

A simple  hybrid  junotlon  at  the  center  of  the  network  could  generate  the  two  required  «e 
parate  excitations  along  the  array,  but  this  network  doesn't  allow  any  degree  of  freedom 
for  the  independent  control  of  the  sum  and  difference  excitations.  Therefore  high  per- 
formances in  terms  of  beam  shape,  sldelobe  level,  gain  for  both  sum  and  difference  beams 
are  not  possible  with  this  scheme.  Compromise  solutions  can  be  found  for  the  aperture  il_ 
lumination  distribution  by  making  use  of  constrained  optimization  techniques  [2]  and  of 
suitable  illumination  functions  [3],  but  some  of  the  required  antenna  characteristics 
must  be  sacrificed.  A different  type  of  solution  makes  use  of  hybrid  junctions,  each 
feeding  a pair  of  elements  of  the  array,  symmetrically  disposed  with  respect  to  the  cen- 
ter. The  isolated  sum  and  difference  ports  of  the  hybrid  are  separately  combined  in  two 
power  dividing  networks,  where  proper  weighting  coefficients  make  independent  the  sum 
and  difference  illumination  distribution  [4j  . A different  class  of  series-feed  network 
that  provides  complete  independent  control  of  the  sum  and  difference  modes  makes  use  of 
two  transmission  lines  feeding  two  ~ets  of  directional  couplers  connected  by  equal  length 
lines  t5.1i  [6J-  In  the  hypothesis  of  passive,  reciprocal  and  lossless  network,  the  or- 
thogonality condition  holds,  if  the  two  excitation  input  ports,  relative  to  the  sum  and 
difference  beams,  are  decoupled.  In  the  more  general  case,  all  the  theoretical  limita- 
tions on  the  formation  of  more  than  one  beam  in  a linear  array  must  be  considered  C7j  . 
The  physical  symmetry  of  the  network,  that  is  required  for  monopulse  operation  with  beam 
pointing  not  dependent  on  the  frequency,  is  obtained  by  means  of  a center-fed  technique. 
The  sum  mode  is  excited  by  the  power  coupled  through  one  set  only  of  directional  couplers, 
while  the  difference  mode  illumination  distribution  is  obtained  by  the  superposition  of 
the  power  coupled  from  both  the  feeding  transmission  lines.  The  technique  of  the  center 
feeding  has  the  additional  advantage  that  the  maximum  differential  phase  delay  between 
the  outputs  is  half  that  of  an  end  fed  series  network;  then  the  phase  compensating  tran- 
smission line  lenthts,  to  he  Inserted  for  broad  Instantaneous  bandwidth  at  the  outputs 
are  shorter.  With  the  addition  of  the  above  compensating  line  lenthts,  the  operating 
bandwidth  is  essentially  limited  only  by  the  bandwidth  of  the  couplers  and  of  the  hybrid 
dividers  for  the  sum  and  difference  modes.  An  analysis  has  been  carried  out  to  evaluate 
the  possibility  of  using  short  length  fixed  phase  shifters  Instead  of  transmission  line 
lengths  for  equalizing  the  electrical  path  from  the  input  to  the  various  outputs:  the  r« 
suits  of  the  analysis  and  of  an  optimization  program  have  not  been  encouraging,  so  that 
the  use  sf  phase  shifters  has  been  disregarded,  also  in  view  of  possible  instantaneous 
bandwidth  problems.  A schematic  of  the  dual  Berios  feeding  network  is  shown  in  fig.  1. 

Some  considerations  are  made  now  about  the  multiple  beam  formation  techniques.  Multiple 
Independent  beams  relative  to  mutually  coherent  signals  can  be  formed  by  a lossless  pas- 
sive antenna,  if  the  individual  beams  are  orthogonal.  The  definition  of  orthogonality 
relative  to  the  bean  forming  network  in  terms  of  decoupling  between  the  ports,  can  be 
transferred  to  the  conoept  of  orthogonality  of  the  beams  in  terms  of  convolution  cross- 
product  . 

The  above  Indicated  condition  is  met  with  sufficient  approximation,  if  the  individual 
beams  are  angularly  spaced  by  a sufficient  amount  in  terms  of  beamwidths,  and  the  condi- 
tions of  low  loss  matrix  and  high  directivity  of  the  coupling  devices  are  satisfied. 

A multiple  beam  forming  network,  thst  appears  attractive  for  this  case,  where  the  number 
of  beams  is  much  less  than  the  number  of  output  ports,  is  the  Blass  type  array  matrix 
C 8j  [ij . A block  diagram  of  this  configuration  is  shown  in  fig.  2,  where  the  principle 
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ef  the  dual  aarlas  feeding  network  ie  extended  te  aaay  pairs  ef  sun  and  difference  beane. 
The  intrinsic  bread  band  capabilities  ef  the  individual  networks  are  valid  fer  the  whole 
natrix. 

Another  advantage  ef  the  Blaee  type  bean  ferning  natrix  is  that  the  nunber  I ef  output 

perte  ef  the  natrix  nust  net  be  neoesoarily  the  sane  fer  all  the  beans,  but  can  be  lose, 
if  the  feeding  tranonleelon  lines  relative  te  the  given  beans  are  oeupled  only  te  a part 
(Mxl)  ef  the  llnee  oennected  with  the  outputs. 

This  given  an  additional  freeden  la  the  oheioe  ef  the  beaawldth  relative  te  eaoh  bean. 

The  Blass  type  ferning  natrix  presente  however  a aajer  liaitatien,  related  te  the  series 
feeding  networks.  The  effloieaoy  ef  the  latter  depends  on  the  naxlana  realisable  cou- 
pling veins  la  the  directional  oeuplera,  as  it  is  shewn  in  two  particular  cases  la  Fig. 3. 

On  the  ether  hand,  the  disturbance  ea  eaoh  individual  bean  ferning  networks  due  te  the 
ether  networks  iaterpeeed  before  the  output  lines  inoreasee  as  the  aaxlaua  ceu  pllag  la 
the  direotieaal  oeupler  increases.  This  is  evidenced  la  fig.  4,  where  the  required 
aaplitude  distribution  at  the  input  ef  a "passing"  bean  ferning  network  is  shewn  together 
with  that  te  be  realised  at  the  input,  with  a aaxlaua  oeupllag  ef  10  dB. 

The  evident  difference  between  the  two  dietributleae  indicates  a lew  efficiency  ef  the 
network.  Slaoe  the  aaxlnua  coupling,  fer  a given  aaplitude  illuaiaatlen  distribution, 
deoreaeee  with  the  array  length  and  therefore  with  the  nunber  ef  output  perte,  it  oaa  be 
stated  that  aooeptable  efficiency  figures  frea  a Blass  type,  aultiple  bean  ferning  natrix 
oan  be  aohieved  only  above  a certain  nunber  ef  output  ports. 

This  oeaditiea  ie  net  net  la  eur  case  and  an  appreciable  leas  ef  efficiency  has  been  cal, 
oulated  fer  the  beans  famed  by  the  networks  preoeeding  one  nearest  the  te  the  output 

lines  . 

A different  cenf lguratiea  has  been  then  devised  fer  ferning  aultiple  beans.  The  chosen 
selutlea  is  hightly  dependent  ea  the  technique  used  te  feed  frea  one  transnitter  all  the 
bean  ferning  networks,  as  it  is  shewn  in  fig.  5.  The  traasnltted  pulse  duration  is  divl^ 
ded  in  a nunber  ef  tine  slots,  cerrespendiag  ts  the  nunber  ef  beans,  in  whioh  ths  eperat 
lag  frequency  belongs  te  sub-bands  ef  the  whole  frequency  band  ef  the  radar  systea. 

By  aakiag  use  ef  a frequency  aultiplexiag  devloe,  the  traasnltted  signal  is  fad  te  the 
various  beans,  eaoh  operating  in  a given  portion  ef  the  entire  frequency  band.  Within 
the  above  sub-bands,  eaoh  bean  is  operated  in  a frequency  agility  node.  The  aultiplex- 
iag technique  is  utilised  in  reoeptien  also  fer  the  difference  beans. 

A oeaasa  RF  reception  front  end  handles  together  the  signals  frea  the  various  beans  and 
after  frequency  conversion,  the  signals  oeaing  frea  different  angle  seoters  are  separated 

on  the  basis  ef  the  frequency.  With  the  above  described  aultiplexiag  technique,  a new 
configuration  has  been  defined  in  order  te  obtain  nultiple  beans  in  elsvatlea.  A blsok 
diagran  is  shewn  la  fig.  6,  and  with  reference  te  it,  one  oaa  see  that  the  outputs  sf  the 
various  dual  series  fesdiag  aetwsrks  are  paralleled  by  aeans  ef  frequency  nultiplexers , 
each  feeding  one  ef  the  staoked  asinuthal  bean  ferning  networks. 

Since  the  various  vertioal  beans  are  frequency  aultiplexed,  no  angular  separatlen  con- 
straint exiata  with  the  above  described  configuration.  The  soaaaing  pregraas  fer  eaoh 
bean  oaa  therefore  be  Individually  eptlaised  on  the  basis  ef  systea  requireaeats  and  ef 
the  janaing  envireaaeat. 

4.  AWT EBB*  OPERATIWO  PRIWCIPLE3 

As  has  been  alrsady  ladloatsd  la  the  solution  trade-eff  analysis,  the  three  e- 
levatlea  beans  are  generated  frea  a single  trasaitter.  If  during  the  transnitter  pulse 
tine,  the  frequency  is  step  ohanged  te  three  different  values  belonging  te  adjacent  sub- 
bands ef  the  whole  operating  frequency  band,  the  aultlplexer  sequentially  feeds  the  bean 
ferning  networks  oeaneoted  te  its  outputs.  Siaoe  the  transnitter  pulse  is  oede  nodulat- 
ed, the  eleaentary  pulses  ef  the  burst  relative  te  eaoh  frequency  are  interlaced,  so  that 
an  effective  slaultaaeeue  traasalsslea  ef  the  three  beans  takes  plaos  in  ths  transnitter 
pulse  duration. 

In  reception  the  signals  rolatlve  te  the  three  beans,  and  thsrefsre  belonging  ts  differ- 
sat  adjacent  frequency  bands,  are  oenbined  together  by  the  sane  triplexer  utilised  in 
traasalsslea.  An  identical  triplexer  oeablnes  the  reoelved  signals  at  the  difference 
ports  sf  the  bean  faming  networks.  The  signals  are  then  separated  and  individually  pro 
oessed  la  the  reoeiver,  by  utilising  the  frequency  as  identifying  paraaetsr.  The  anten- 
na aultiple  bean  faming  principle  is  indicated  qnalltatively  in  fig.  7«  The  (osded) 
transnitter  pulse  is  shewn  with  the  interlaced  pulse  bursts,  belonging  eaoh  te  one  ef  the 
adjaoeat  sub-bands.  Ths  sisals  at  ths  relative  triplexer  outputs  are  then  shewn,  toge- 
ther with  an  indicative  diagran  sf  ths  triplexer  response  la  the  frequonoy  denala  at  the 
three  eutputs.  The  cerrespend ing  eutputa  ef  the  three  bean  ferning  netwerka  are  than  oea 
bined  tegsther  by  aeans  ef  triplexers,  oeaoeptaally  s.lnilar  ts  these  utilised  fer  the 
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transmitter  signal  aul t If 1 exlag,  aa  baa  baaa  aohaaat 1 oal ly  Indicated  la  fig.  6.  Blaes 
tha  abeve  mentioned  triplexers  ara  identical,  tha  illumination  distributism  at  tbalr  eut- 
pata  la  tha  aaaa  as  that  raalliad  at  tha  oerreapendiag  autputa  ef  the  baaa  feraiag  net- 
work. Tha  aoaaalag  af  tha  Individual  baaaa  la  abtalaad  by  aaaaa  af  prapar  phaaa  ahlftara 
at  tha  autpata  af  tha  ralatlva  baaa  feraiag  aataark.  Tha  scanning  la  perferaad  by  latr£ 
duciag  a llaaarly  varying  progressive  phaaa  shift.  As  has  already  beea  iadlcated  >o  con- 
atralat  exist  abeut  tha  Individual  baaa  pealtlea  aad  separation,  alace  they  are  frequea- 
cy  aeparated.  The  aoaaalag  pragma  oaa  tharafare  be  different  far  each  aagular  aactar, 
depending  aa  the  targets  aad  Jaaaera  altuatlaa. 

Tha  elevation  aagular  aaotar  ta  be  oavarad  (0*  ta  30*)  la  divided  lata  thraa  angular  r e- 
glaaa,  each  ralatlva  ta  aaa  af  tha  thraa  ladepaadeat  baaaa  (aae  fig.  3).  Tha  flrat  oec- 
ter  axteada  frea  tha  harliaatal  plaaa  up  ta  3*  aad  la  oavarad  by  twe  peeltleas  af  the 
flrat  baaa,  with  aa  aagular  aaparatlaa  equal  ta  the  beaa  width.  Alee  the  seeead  aaotar, 
exteadlag  frea  3*  ta  6*,  la  oavarad  by  twe  pealtleaa  af  the  aeoaad  beaa,  with  the  eaae 
perferaaaoe  , relative  ta  the  first  beaa.  The  third  alavatlaa  aaotar,  free  6*  te  30*, 
la  oavarad  by  sight  peeltleas  af  tha  third  baaa  with  a -3  dB  width  af  3*.  Alee  la  this 
case,  as  far  the  flrat  aad  aeoaad  beaa,  tha  oressever  level  af  the  adjaoeat  pealtleaa  af 
the  baaa  la  -3  dB  aaalaally.  Tha  aaohaaloal  bsreslght  af  the  aateaaa  le  at  5.23°  abeve 
tha  herlseatal  plaae  aad  oerrespeads  to  tha  dlreotlea  af  the  peak  af  the  aeoead  beaa  at 
the  higher  pealtlea. 

Slaoa  tha  twe  war  beaaa  assuae  aaly  two  pealtleaa,  use  af  a two  phaae  oeadltlsas  olr- 
ouit  la  sufflcieat  far  tha  aoaaalag  af  each  af  tha  two  baaaa.  The  clroult  la  ehewa  la 
fig.  9 aad  oaaslsts  af  a -3  dB  hybrid  with  outputs  at  90*  af  phase  differeaoe.  Twe  dio- 
des, shuat  aauated  with  rsapsct  te  traaaalsalea  llaea  teralaated  by  a shert  circuit  at 
the  autputa  af  tha  hybrid,  dataralae  , with  tha  atata  of  their  pelarisatlea,  twe  diffar- 
eat  lasertlea  phase  values,  oerrespeadlag  ta  tha  two  baaa  pesltleas.  Tha  leagth  af  the 
traaealeslea  Haas  beyead  the  diodes  la  a llaear  fuaotiaa  alaag  tha  vartloal  aperture 
aad  tharafare  It  la  aat  tha  aaaa  for  all  the  phaae  ahlftara. 

The  third  baaa  la  acaaaad  by  aaaaa  af  a set  af  ferrite  phaae  ahlftara  aa  the  eutputa  af 
the  third  beaa  feruiag  aetwerk.  The  ferrite  ph&se  shifters  are  af  reciprocal  dual  Bade 
type,  baalag  thalr  eparatlaa  aa  tha  Paraday  affset.  The  drlviag  techalqua  utilises  a 
pulse  ourraat  af  variable  leagth  to  sat  the  workiag  peiat  af  the  ferrite  phase  shifter, 
diace  ladepaadeat  aets  af  phase  caatrel  dsvioos  ara  utilised  far  each  baaa  feraiag  aet- 
werk, their  perferaaaoe  oaa  be  ladlvidually  aptialsed  ea  their  awa  eperatiag  frequoaoy 
bead  • 

The  aoourata  height  aaasuroaoat  la  perferaad  by  preoeseiag  the  slgaals  reoeivad  aa  each 
pair  af  aua  aad  dlffsraaoa  baaaa,  that  are  a laultaaaeus ly  acaaaad  by  the  Base  phaae  cea- 
tral  dsvloaa. 

3.  DESCRIPTION  OP  THE  30LUTI0I  AID  DE3I0I  CRITERIA 

The  aala  parts  of  the  aateaaa  assaably  la  the  flaal  ceaflguratlea  are  the  RF  aul- 
tlple  beaa  feraiag  aad  scaaalag  aatwark,  the  set  af  stacked  azinuthal  power  dividing  nt 
works  aad  tha  radiatiag  elaasats.  Aa  eutllae  af  the  satire  aateaaa  eyaten  is  shews  la 
fig.  10.  The  T-shaped  croaa-aeotlaa  structure  shows  the  twe  naia  separated  func- 

tlaaa  ef  the  aateaaa:  the  tall  af  the  T la  devoted  te  the  elevatlea  multiple  beam  fern- 
lag,  whilst  the  wlags  csrreapead  ta  the  plaaar  array,  that  perferae  the  azlnuthal  beaa 
ahaplag . 

The  alavatlaa  aultlple  beaa  fermlag  aatrlx  osaprlaea  three  aiallar  aetwerks.  Each  ef 
thea  la  feraed  by  twe  parallel,  ceatre  fed,  waveguides  teralaated  at  bath  ends,  feediag 
a auaber  af  traaavaraa  waveguide  llaea.  These  ara  alet  coupled  te  the  twa  parallel  feeil 
lag  waveguides  through  orass  guide  dlreotiaaal  oauplars.  The  waveguides  ef  the  threi>'*eti 
works  are  af  reduced  height  , la  ardor  te  ebtaia  high  ceupliag  values,  that  are  accessary 
far  high  afficleacy.  The  practical  llaltatlaa  aa  ceupliag  values  for  cress-guide  oeuplers 
la  la  bead width  aad  iselatlea  oharaotariati ca , that  begla  te  deteriorate  for  values  abeve 
-10  * -9  dB.  The  eptlalzatlea  ef  the  aetwerk  efflcieacy,  uader  the  ceaetraiat  ef  the  aax- 
iaua  allowable  ceupliag  value,  far  a glvsa  llluaiaatlea  distribution , is  perferaad  In 
each  a way  ta  alalaize  tha  power  dissipated  aa  the  aad  leads.  Progress  have  beaa  develep- 
ped  (PRE-LI  aad  PRE-L 2 ) , that  perfara  a oaaatralaed  optimization  aocerdiag  to  the  abeve 
principles  far  the  ceupliag  values  ta  be  realized  both  la  the  front  transversal  lias  (aua) 
aad  la  the  aacaad  lias,  la  oeablaatlea  with  tha  abava  far  the  dlffsreaoe  aede.  Thin  aaa 
llaear  pragraaalag  preblon  la  salved  with  the  procedure  indicated  la  [6]  aad  the  optimum 
ceupliag  paraaeters  oaa  bs  fauad . Ideal  dlreotiaaal  oeuplara  are  aasuned,  l.e.  as  power 
la  coupled  at  the  isalatad  ara.  The  eptlalxatlea  la  performed  at  the  ceater  frequency  ef 
aaoh  baad  af  operation.  Tha  aua  aaplltude  fuaotiaa  la  a Taylar  type  distribution  [9]  aad 
the  difference  lllualaatlaa  belongs  ta  a olasa  af  aatlsyaaetric  function  generating,  from 
the  llasar  array,  difference  pat ter as  with  characteristics  af  sideleba  level,  sidalaba  de- 
cay law,  baaawldth  and  slaps  at  tha  beresight,  that  represent  the  beat  oeaprealse. 


It  is  wall  known  that  a Fourier  transform  ralatlaaahlp  holds  bstwsaa  a lias  seuroe  di- 
strlbutlsa  f(x),  \i\  — 1,  and  Its  far  flsld  radlatisa  pattsra  F(u),  where  u 
(lata  that  \ is  the  operating  wavelength  aad  © ths  fitld  angle,  aeasursd  frsa  ths 
asraal  ts  ths  apsrturs).  It  eaa  bs  sssa  16]  |io]  , that  an  sptlaua  lias  distribution 
f(x),  that  is  physically  rsalizablo  svor  aa  apsrturs  of  finite  size  L,  is  ebtalaod  by 
dif f oroatiatiag  a sub  pattern  Ft  (u),in  the  form  of  a A function  of  the  first  kind,  and 
than  Fourier  ant  1 1 raaf eraing  it.  Ths  difference  pattsra  F A ( u ) is  thsrefere  given  by 
the  fallowing  expression: 

fuj/c/v  ? a/ ^ J/o*/ (l) 

•her*  (p+1)  - pZ'(p)  is  the  Ganna  or  factorial  funotiea,  Jp+i  is  the  Bessel  function 
of  the  first  kind  ef  order  pel,  aad  p and  b are  the  controlling  paraneters  to  be  chosen 
for  the  best  conpronise  solution.  Fron  tbs  difference  pattern  of  equation  (l),  by  aatl- 
transforning  it,  the  distribution  function  f^(x)  for  the  difference  node  is  expressed, 
apart  frea  normalizing  constant?,  by  the  equation  (11)  in  [6]  . In  the  present  case  va- 
lues of  p-  5 and  b*  4 have  been  chosen.  From  the  required  illumination  distributions 
for  the  sun  aad  difference  nodes  aad  a naxinua  ooupling  value  of  10  dB,  the  coupling 
valuos  fron  both  the  transverse  linos  are  found.  They  are  shown  in  the  diagrams  of  fig. 
11,  togothor  with  the  anplitude  illumination  distributions  at  the  outputs  of  tho  bean 
forniag  network,  relative  to  the  first  bean. 

A nore  general  analysis  and  synthesis  program  ( 3 ) has  been  developed  for 
multiple  transverse  lines  (and  therefere  multiple  beam  ferning)  networks  in  cascade. 

Actual  phase  and  anplitude  coupling  of  the  directional  couplers  and  the  electrical  lengths 
of  all  the  connecting  lines  as  functions  of  the  frequency  are  taken  into  account.  Tho 
transmission  characteristics  of  the  cress-guide  ooupler  have  been  carefully  aeasured  and 
phase  coapensating  sections,  in  fora  ef  properly  spaced  pairs  of  irises,  are  inserted 
between  tho  transverse  lines  in  the  waveguide  interceaaectl-ig  sections.  The  irises  are 
of  inductive  or  capaoitlvo  nature  according  to  the  sign. of  tho  coapensating  phase  shift. 
The  design  of  tho  distribution  of  the  reactances  ef  the  successive  pairs  of  irises  is 
such  that  good  Batching  conditions  aad  raquirod  insertion  phase  over  the  operating 
frequency  band  is  obtained. 

An  additional  elootrical  length  oeapeasatiea  has  boon  provided  at  the  outputs  of  tho  beam 
forniag  network  with  the  purpose  of  equalising  the  path  lengths  frea  the  input  te  each  ef 
the  eutputs.  This  cenpenaation  ia  required  in  order  te  have  frequency  independence  ef 
the  phase  distribution  along  tho  outputs,  and  with  tho  center  feeding  technique  the  length 
of  tho  cenponsating  lines  inoreasos  fron  tho  center  to  the  end  of  the  netwerk.  Besides, 
the  lengths  are  linearly  corrected  for  the  first  aad  the  third  bean  ferning  networks  in 
order  to  have  tho  proper  linearly  varying  phase  distribution  for  the  first  position  of 
the  two  above  beans.  Ths  operation  of  tho  phase  shifters  then  changes  tho  slope  of  this 
linear  distribution  of  tho  phase  over  tho  aperture  for  tho  bean  soaaning.  Tho  aooosslty 
ef  the  lino  lengths  to  equalize  tho  oloctrioal  paths  to  the  outputs  oonos  also  from 

tho  transient  behaviour  ef  the  netwerk,  particularly  relevant  fer  the  very  narrow  eleaea 
tary  pulses  of  tho  coded  traasnittod  waveform. 

Tho  design  orltorla  of  tho  froquonoy  triplexers  ars  to  aiaialse  tho  in-band  insertion 
loss  fer  a given  sub-bands  allocation.  Insertion  phase  equalisation  is  aa-other  import- 
ant paraaotor  that  has  boon  specified  over  tho  operating  toaporature  range  and  fer  the 
tenparature  gradients  eoourring  ia  different  parts  of  tho  faeding  networks. 

The  outputs  of  the  stacksd  trlplexsrs  are  connected  to  the  azimuthal  beam  forniag  net- 
works. These  each  consist  of  a power  dividing  device,  that  realizes  an  equlphase  power 
distribution  according  to  a prsscribed  Illumination  over  the  horizontal  aperture. 

The  power  division  is  performed  by  neaas  of  equal  and  unequal  by-two  dividers  with  equi- 
phase  outputs.  The  corporate  feed  type  configuration  pernits  a broad  band  of  operation, 
aocurate  control  of  the  phase  aad  anplitude  distribution  aad  ths  possibility  of  using  di£ 
ferent  types  of  transaission  linos  for  tho  power  division.  In  fact  a trade-off  study  for 
the  definition  of  the  configuration  of  the  azinuthal  bean  forming  network  has  been  per- 
foraed,  by  taking  into  acoouat  the  electrical  characteristics,  as  insertion  loss  and 
phase/anplltude  acouracy,  and  aeohanloal  paraneters,  as  ooaplexity,  weight  and  fabrica- 
tion problsas,  and  oost  aspsote. 

The  final  solution  consists  of  a by-olght  power  divider  foraed  by  two-way  dividers  in 
cascade,  realised  by  noans  of  a triplets  technique,  with  ooaneotlng  lines  in  waveguide. 

The  eight  waveguide,  outputs  each  feed  a by-olght  power  divider  in  triplate.  This  con- 
sists of  two-way  Wilkinson  type,  unequal  anplitude,  power  dividers,  la  oaocade,  realis- 
ed on  the  sane  board.  The  unbalaaood  outputs  of  oaoh  final  8-way  power  divider  feed  d i_ 
rectly  the  radiating  olenonts,  in  fora  of  printed  dipoles,  photoetohsd  on  the 

faces  of  the  trlplato  board.  Tho  transforaatloa  from  the  unbalanced  output  of  the  power 
divider  to  the  balaneed  input  to  the  dlpola  la  obtained  by  noans  of  a suitable  typo  of 
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balun.  For  th«  choice  of  the  structure  of  the  dipole,  ai  radiating  element,  many  possi- 
bilities are  offered,  that  are  coapatible  with  the  triplate  8-waya  power  divider: 

a)  Slot  fed  dipole  (with  different  techaiquea  for  the  slot  excitation), 

b)  Bifilar  line  fed  dipole,  with  one  arm  excited  by  the  extension  of  the  center  conductor, 
aad  the  other  arm,  on  the  opposite  side  of  the  board  by  a line  extending  from  one  of 
the  ground  planes  of  the  triplets  feeding  line. 

The  second  solution  has  been  preferred  for  many  electrical  and  fabrication  advantages. 

It  peraits  minimum  loss  at  the  transforming  section  from  unbalanced  to  balanced  transmis- 
sion line  and  minimum  radiated  energy  from  the  feeding  line  in  the  nominal  polarization. 
One  minor  disadvantage  is  that  the  polarization  is  not  exactly  horizontal,  since  the  two 
arms  of  the  dipole  are  on  two  opposite  sides  of  the  etched  laminate. 

The  measured  angle  between  the  polarization  plane  and  the  plane  of  the  circuit  board  is 
2.5*,  corresponding  to  a cross-polarized  component  of  the  field  27  dB  below  the  nominal 
polarization,  wife  the  same  illumination  distribution  over  the  aperture.  Then  the  gain 
lose  is  negligible  and  no  significant  departure  from  the  sidelobe  structure  in  the  nomi- 
nal polarization  la  to  be  expected. 

-The  impedance  at  the  input  of  the  dipole  feeding  line  has  been  optimized  for  a good  match 
ing  to  the  output  impedance  of  the  triplate  power  divider,  with  a VSWR  less  than  1,15:1 
over  the  operating  bandwidth.  The  effect  of  the  mutual  coupling  has  been  evaluated  by 
measuring  the  radiation  pattern  of  a dipole  in  an  environment  of  other  sorrounding  ele- 
ments, terminated  in  matched  loads.  This  is  the  well  known  "realizable  radiation  pat- 
ter", thst  has  been  evaluated  by  making  use  of  an  array  of  5x5  radiu  ing  elements,  with 

the  central  one  excited  and  the  others  terminated  in  matched  loads. 

The  azinuthal  array  and  bean  forming  network  have  been  analyzed  in  t >rns  of  uniformity 

of  transmission  phase  and  transmission  loss,  in  order  to  evaluate  th s effects  on  the  an- 
tenna impedance,  gain,  sidelobe  level  and  structure.  The  latter  characteristic  is  par- 
ticularly relevant  in  the  present  case,  where  automatic  frequency  selection,  for  improv- 
ed the  antijamming  capability,  requires  a frequency  eensitlve,  multllobed  pattern 
out  of  the  main  lobe  region.  In  order  to  evaluate  the  transmission  phase  errors,  a pro- 
gram has  been  utilized  for  the  computation  of  the  radiation  pattern  of  the  array,  in  pr« 
sence  of  random  errors,  due  to  manufacturimg  tolerances,  measurement  errors,  material  va 
riations  of  the  various  components  of  the  beam  forming  network. 

The  assumed  insertion  phase  error  is  principally  determined  by  the  different  reflection 
coefficients  of  the  various  components  of  the  feeding  neetwork  in  cascade.  In  fact,  the 
required  anplitude  distribution  at  its  outputs  is  obtained  by  means  of  power  dividers  with 
unequal  amplitudes  at  the  two  ports  aad  then  the  paths  from  the  input  to  each  of  the  out- 
puts of  the  beam  forming  network  are  not  identical.  Mismatches  that  are  normally  concen- 
trated la  a discrete  number  of  points  of  the  transmission  paths,  as  dividers  bends,  tran- 
sitions, iapedaace  discontinuities,  have  therefore  to  be  kept  minimum,  to  guarantee  mini- 
mum phase  error  over  the  emtlre  operating  frequency  band. 

The  front  cover  is  of  honeycomb  structure,  with  skins  formed  by  fibreglass  cloth,  epoxy 
resin  impregnated  aad  a dielectric  core,  with  low  RF  losses.  The  skin  thickness  aad  se- 
paration have  been  determined,  in  order  to  minimize  the  reflections  over  the  operating  fr£ 
queacy  band  aad  the  required  range  of  angles  of  incidence. 

6.  DESCRIPTIOB  OF  THE  COMPOBEBTS  ABD  DEVELOPMEBT  TESTS. 

In  order  to  evaluate  the  performances  of  a multiple  beam  antenna,  a feasibility 
breadboard  has  been  designed  aad  tested.  It  is  shown  in  fig.  12,  mounted  on  a positioner 
during  the  eletrlcal  tests.  It  ooasists  of  the  central  part  of  the  complete  array  aad  the 
beam  forming  aatrlx  has  been  realized  in  form  of  three  dual  series  center-fed  networks  in 
cascade.  The  three  vertical  beams  are  obviously  wider  tham  those  of  the  complete  antenna, 
but  are  spaced  angularly,  in  terms  of  their  beamwidths,  as  la  the  final  configuration. 

The  agreeneat  between  the  theoretical  and  experimental  phase  aad  amplitude  distributions, 
relative  to  each  beam,  at  the  output  of  the  multiple  beam  forming  matrix,  has  been  extre- 
mely good.  Bo  elevation  aoannlng  control  device  was  provided  la  this  feasibility  bread- 
board. The  stacked  azimuthal  beam  forming  networks  have  been  realized  by  a first  power 
division  with  semirigid  air-dielectric  cables  as  transmission  lines,  followed  by  a suc- 
cessive power  division  n microstrip,  on  the  same  board  whore  the  printed  dipoles  are  rea 
Used.  Ths  two  sides  of  two  boards,  with  power  dividers,  baluns  and  printed  dipoles  are 
shown  in  fig.  13. 

Some  components  of  the  final  antenna  syaten  are  presented  in  the  following  figures.  Fig. 
14  and  15  show  the  triplets  power  dividing  network  and  the  new  type  of  printed  dipole  in 
the  breadboard  configuration.  An  Internal  view  of  the  power  divider  with  the  dlpolee  in 
the  final  configuration  le  shown  in  fig.  16,  that  in  relative  to  one  of  the  nodules  of  ths 
azinuthal  bean  forcing  network. 
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Oae  of  the  thro*  bean  forming  networks  la  praaeated  la  fig*  17  durlag  the  adjuataeat  aad 
teat  phaae.  Soae  parta  of  the  aetwork  are  ahowa  la  fig.  18,  before  the  dip-braziag  ope- 
ratloa.  The  baalo  device  of  the  eatlre  system,  that  la  the  orese-gulde  dlreetloaal  cou- 
pler, la  ahowa  aore  thaa  oaoe  la  the  above  figure*  Ae  aa  ladioatioa  of  the  experimen 
tal  data  froa  the  coupler,  utilized  for  the  aetwork  deaiga,  the  direct  aad  coupled  arae 
laeertloa  phase  la  ahowa  la  fig.  19,  la  terna  of  the  ooupllag  value.  Fiaally,  calculated 
elevatloa  bub  aad  differeace  patteraa  of  the  firat  beau,  by  takiag  lato  accouat  the  effects 
of  raadoa  errors  la  the  llluulaatloa  dlstrlbutloa,  are  ahowa  la  figs  20  aad  21. 

The  photograph  of  fig.  22  shows  a mechaaical  mock-up  of  the  complete  aateaaa  system  la  oae 
of  the  operatiag  coaf iguratioas , 

7.  CONCLUSIONS • 

The  preaeated  aateaaa  appears  a suitable  solutioa  to  the  requi remeats  of  a 3D,  fre- 
qusacy  agile,  radar  system  with  a wide  elevatloa  aagular  coverage.  The  moaopulae  capabili_ 
ty  gives  a high  height  evaluatioa  aoouracy  aad  the  iadependeat  beam  scaaaiag  performaace 
is  suited  to  a choioe  of  the  beam  positioa  control  program  that  best  fits  the  target 

aad  jamming  envl roameat . 

The  operatiag  frequoacy  baad  (of  the  order  of  about  1 3$  at  S-baad)  is  appreciably  wide  aad 
the  Bear  aad  far  sidelobe  structure  enjoys  the  advaatages  of  the  absence  of  aay  blockage, 
typical  of  planar  arrays.  The  mechanical  solution  is  very  oompact  and  able  to  be  air  trait 
sportable  in  a deployed  coaf 1 gurat ion • The  choice  of  ferrite  aad  diode  phase  shifters  for 
the  beam  scanning  resulted  la  a better  matching  of  the  requirements  of  each  individual  beam. 
The  extensive  use  of  dip-brazing  aad  photoetchiag  techniques  has  permitted  cha- 

racteristics of  reproducibility  aad  good  accuracy  in  the  fabrication  of  the  various  compo- 
nents of  the  aatsaaa. 
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Fig.  7 Beam  multiplexing  principle 
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Fig.  13  Microstrip  power  divider,  baluns  and  printed  dipoles  Fig.  14  Triplate  power  dividing  network 

of  the  feasibility  breadboard 


Fig.  17  1st  beam  forming  network  during  the  tests 


Fig.  IS  Machined  parts  of  the  beam  forming  network  before  assembling 
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Fig.  20  Calculated  effect  of  random  errors  on  radiation  pattern 


® NO  random  ERRORS 
(g)  AMP.  JO%  | PHAi*.  lO° 
(3)  OH P J5%  ( PHASE  JS° 


Fig. 21  Calculated  effect  of  random  errors  on  radiation  pattern 


Fig.22  Antenna  mock-up  in  one  of  the  operational  configuration 
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DISCUSSION 


A L C QUIGLEY:  Could  you  please  Cell  me  what  Is  the  azimuth  sldelobe  level? 

B PALUMBO:  The  specified  maximum  azimuth  sldelobe  level  of  the  near  sldelobes  Is  -23  dB,  with 

a prescribed  law  of  decay  of  this  level  for  the  far  sldelobe  regions.  It  must  be 
pointed  out  however  that  the  system  requirements  call  for  a sldelobe  structure  with 
deep  nulls,  the  angular  directions  of  which  change  with  frequency.  This  require- 
ment la  essential  for  the  utilisation  of  an  automatic  frequency  selection  technique 
to  minimise  the  signal  from  a Jamming  source.  The  chosen  solution  (planar  array) 
permits  such  a sldelobe  structure,  whereas  a reflector  system  would  give  a 
'plateau'  type  structure. 


! 
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SECOMDARY  RADAR  FOR  AIRFIELD  GROUND  MOVEMENT  MONITORING 
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SUMtARY 


Secondary  radar  is  used  for  the  in-flight  identification  of  aircraft.  An  extension  of  the  secondary 
radar  technique  is  suggested  for  the  identification  and  location  of  aircraft  taxying  on  the  airfield 
aurfaoe.  This  has  sufficient  positional  aoouracy  for  use  alone  or  for  the  labelling  of  a high  definition 
primary  radar  display  of  airfield  ground  movements. 

The  results  of  trials  on  an  airfield  site  are  disoussed  and  experiments  to  determine  the  effects  of 
ground  reflections  and  airoraft  self  screening  are  described  with  polar  diagrams  of  seleoted  aircraft. 
Accurate  position  finding  using  trilateration  is  disoussed. 

1.  IHTRODCCTICW 


High  definition  primary  radar  sensors  for  ground  movement  monitoring  of  airoraft  have  been  installed 
at  some  large  airports  to  assist  the  ground  movement  controller  at  night  or  in  poor  visibility.  In  order 
to  label  the  display  the  proposed  system  would  utilise  existing  secondary  radar  transponders  fitted  to 
airoraft  hence  avoiding  the  need  for  any  airoraft  modlfioations  whioh  can  be  oostly  and  difficult  to 
implement. 

Interrogation  techniques  for  use  on  the  airfield  aurfaoe  have  been  devised  to  minimise  the  garbling 
problem  of  overlapping  replies  which  ooours  with  normal  33R.  As  shown  in  figure  1,  the  reply  code  is  long 
(20.75  /useo)  so  replies  from  transponders  up  to  3 Km  apart  may  overlap  and  garble.  Transponders  only  reply 
to  a correctly  spaoed  pair  of  pulses  (known  as  P 1 and  P3)  whioh  are  normally  sent  from  one  transmitter  at 
fixed  spacing,  8 yueec  for  a mode  3/A  identity  reply. 

By  sending  the  pulses  separately  from  2 spaoed  transmitters  narrow  lanes  of  interrogation  can  be 
formed. 

2.  AREA  INTERROGATION 

For  area  interrogation  the  two  pulses  P-j  and  P3  are  radiated  separately  from  2 Antennas  at  opposite 
ends  of  the  airfield  (figure  2).  The  relative  timing  of  the  two  pulses  is  controlled  so  that  a P1/P3 
pulse  pair  of  8 /useo  spacing  ooours  somewhere  between  the  two  transmitters.  Beoause  of  the  transponder 
aooeptanoe  tolerance  to  P1/P3  spaoing,  a hyperbolic  lane  of  response  is  formedi  as  explained  in  Appendix  3 
the  width  of  this  lane  is  typioally  150  metres  for  a good  commercial  transponder  but  can  increase  to  300 
metres  for  the  worst  oase  transponder  permitted  by  the  ICAO  speoifioation.  By  stepping  the  P1/P3  timing, 
the  position  of  the  Interrogation  lane  can  be  repeatedly  swept  between  the  two  transmitting  sites. 

As  shown  in  figure  3 the  addition  of  a directional  scanning  antenna  at  one  transmitting  site  reduoes 
the  area  of  interrogation  to  the  area  of  overlap  of  the  beam  with  the  hyperbolic  lane.  A complete  scan  of 
a seotor  is  performed  by  a combination  of  rapid  lane  sweeping  (range  acan)  with  rotation  of  the  antenna 
beam  (asimuth  scan). 

3.  r.nomrn  movement  trtii.  3TTE 

The  technique  of  area  interrogation  has  been  proven  on  the  trial  site  on  Pershore  airfield  (figure  4). 
A scanning  antenna  at  the  P-]  site  with  a beamwldth  of  approximately  9°  covers  a 90°  eeotor  bounded  to  the 
north  by  a line  of  3 metal  hangars  and  to  the  south  by  the  airfield  perimeter  track  on  whioh  there  are  3 
round  ooncrete  dispersal  pads  for  airoraft.  All  3 runways  oroas  the  site.  The  main  features  of  the  site 
are  indicated  on  the  CRT  gratioule  with  the  real  time  display  of  transponder  replies. 

The  early  display  showed  each  oorreotly  decoded  reply  received  by  the  scanning  antenna  as  a dot  on  the 
soreen  (figure  5).  The  timebase  was  stepped  in  range  in  synchronism  with  the  15  metre  increments  of  the 
interrogation  lane  so  that  a sequanoe  of  replies  from  one  transponder  appeared  as  a line  of  dots  in  range. 
Similarly  all  the  replies  across  the  soanning  beamwldth  were  displayed  so  that  a oomplete  set  of  replies 
formed  a rhombus  with  the  transponder  at  its  'oentre  of  gravity'.  This  experimental  display  had  the  merit 
of  simplicity  but  presented  plot  extraction  problems  as  well  as  demanding  a high  number  of  replies  from 
eaoh  transponder  to  obtain  sufficient  positional  aoouraoy. 

Improved  positional  aoouraoy  and  a simplified  display  have  now  been  aohieved  by  bilateration. 

4.  BTIiTBRATIflM 

Two  receivers  sited  at  the  ends  of  the  baseline  are  used  to  obtain  aoourate  rangefinding  on  trans- 
ponder replies  by  measuring  the  differenoe  of  arrival  times  of  the  leading  edge  of  the  first  framing  pulse 
(f  1 ) between  both  sites.  The  timing  information  from  the  remote  site  is  sent  baok  to  the  main  site  ae  a 
single  pulse  on  1030  MHz.  A oounter,  olooked  at  10  MHz  la  started  by  the  direct  framing  pulse  and  stopped 
by  the  remote  framing  pulse.  The  output  of  the  oounter  converted  to  analogue  form  provides  the  X deflec- 
tion (Range)  for  the  CRT  display  (figure  6).  Decoders  are  used  for  the  validation  of  the  identity  of  eaoh 
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plot.  Typioal  bilateration  displays  ars  shown  in  figures  7,  0 and  9.  A group  of  returns  from  a trans- 
ponder appears  as  single  'paint'  similar  to  a normal  PP1  picture.  Ranging  acouraoy  of  the  experimental 
system  is  high,  better  than  15m  on  baseline.  Figure  7 shows  a beamwidth  of  replies  from  a transponder 
sited  on  a oonorete  dispersal  pad  (lower  oentre).  Figure  8 shows  replies  from  a transponder  alongside 
No  1 hangar  (top  left).  Figure  9 shows  direot  replies  from  a transponder  near  No  2 hangar  (top  centre) 
with  a reflection  (upper  top  oentre)  oaused  by  a reflecting  interrogation  and  reply  path  via  the  metal 
sides  of  No  1 hangar. 

Sinoe  the  high  positional  accuracy  of  bilateration  has  been  demonstrated  it  is  reasonable  to  assume 
that  trilateration  (position  finding  using  3 reoeiving  sites)  will  provide  the  necessary  position  finding 
acouraoy  on  transponder  replies. 

5.  AIRCRAFT  POLAR  DIAGRAMS 

The  feasibility  of  ground  movement  monitoring  of  transponder  equipped  airoraft  depends  on  the  ability 
of  the  system  to  interrogate  transponders  whose  antennas  are  mounted  on  the  underside  of  the  airoraft 
fuselage.  The  airoraft  transponder  antenna  can  be  screened  at  oertain  angles  by  parts  of  the  aircraft 
suoh  as  undercarriage , engines  eto.  To  measure  the  extent  of  screening,  polar  diagrams  have  been  plotted 
for  various  airoraft  using  the  method  and  apparatus  described  in  Appendix  1. 

The  results  for  4 airoraft  types  are  summarised  belowi 

(i)  Meteor 

Picture  - figure  10 
Polar  diagram  - figure  14 

An  obsolete  fighter  airoraft  with  lower  transponder  antenna  mounted  on  the  underside  of  the  tail  boom, 
1.76  metres  above  the  ground.  Good  coverage  over  280°  the  transponder  antenna  screened  for  approximately 
40°  either  side  of  the  nose  by  the  undercarriage  legs  and  the  engine  naoelles.  The  minima  are  approxi- 
mately 15  dB  down  on  the  unsoreened  signal  power. 

(ii)  Hastings 

Pioture  - figure  11 
Polar  diagram  - figure  15 

An  obsolete  4 engined  military  airoraft  with  tail  wheel  undercarriage.  A transponder  antenna  was 
positioned  for  the  experiment  in  the  expeoted  worst  oase  lower  antenna  position,  between  the  main  wheels 
of  the  undercarriage  with  the  antenna  only  dirootly  visible  70°  either  side  of  the  nose.  The  depths  of 
the  signal  minima  vary  from  15  to  25  dB  down  on  the  diroot  signal  power. 

(iii) Varalty 

Picture  - figure  12 
Polar  diagram  - figure  l£> 

A twin  engined  propeller  driven  military  training  airoraft  with  trioyore  under c vrriago.  The  lower 
transponder  antenna  ia  mounted  beneati.  tho  fuselage  towards  the  tail  at  a height  of  1.07  motro3o  The 
antenna  is  aoreened  by  t'u  - undercarriage  (O'5  noso,  30°  main  legj)  jnd  also  by  tho  fueelugo  up  to  15  J 
either  aide  .f  fcV.e  u ,.w.  The  digital  mdndmn  are  approximately  15  dB  down  on  tlw  direot  signal  power. 

(iv)  2 moor  da 

Pic  ture  - figu.  13 
i .lar  d igram  - figure  17 

-'■m  ..it  me  lorn  of  the  aircraft  measured,  ii.e  transponder  ant  .na  1 i.  u p.  i . ’..  u.uluje 

ir,  front  of  the  nose*  eel  lag  at  a height  of  4 sotres. 

6.  ; ..  siowa 

.rou-.i  ,-jvement  ideni  float  ion  of  aircraft  using  their  33R  transponders  ia  i .aisle.  _Lg..  ;~sitional 
• : my  ; dsible  using  trilateration.  The  screening  effect  j of  aircraft  structure  are  not  a:i  dominant 

»a  or  ■ inally  thought,  especially  with  modem  oivil  airoraft . The  propagation  trials  indioats  vhat  there 
Is  no  u Vi  nut  Cl  tell;,  a height  for  the' ground  interrogators.  The  best  overall  cover  up'  it  ranges  creator 
nan  . . occur.*  ;.tlu  a jfritcnr.a  (l6  -.stre  height).  Closer  than  250m  a lower  antenna  is  a batter 
ino  , ut  *:  coverage  beyr  .1  250n  is  markedly  inferior  (worse  than  12  h?  l vn  on  16  netoo  antenna). 

• e grateful  .o  the  Civil  Aviation  Authority  for  funding  the  work  on  airfield  ground  move- 

Ttm  alnt  uiuS  of  tho  British  Aircraft  Corporation  and  the  Department  of  Trade  and 
Mr*  In.  e ^ -lie  polar  .diagram  measuror.eut  s also  gratefully  acknowledged. 
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APPENDIX  1 

the  measurement  OF  POLAR  DIAGRAMS  OF  TRANSPONDER  EQUIPPED  AIHCRAFT 
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The  aircraft  is  positioned  at  the  oentre  of  a 100  metre  radius  oirole.  A mobile  secondary  radar 
interrogator  is  moved  around  the  oirole  in  1 degree  steps.  At  each  position  the  transmitter  power  is 
adjusted  with  a variable  attenuator  until  the  transponder  just  triggers.  Antenna  heights  of  1,  2 and  4 
metres  are  normally  used. 

Figure  18  shows  a block  diagram  of  a mobile  interrogator.  The  1030  MHz  transmitter  has  a peak  power 
of  20  watts  and  a PRF  of  250  Hz.  All  normal  SSH  modes  can  be  selected,  and  transmitter  power  output  and 
frequenoy  are  monitored.  The  variable  attentuator  has  a range  of  insertion  loss  from  6 dB  to  120  dB. 
Antenna  height  is  adjustable  from  0.5  metres  to  4 metres.  Transponder  replies  on  1090  MHz  are  range  gated 
and  used  to  trigger  an  audio  monitor. 

The  interrogator  trolley  is  shown  in  figure  19.  A oomer  reflector  antenna,  set  at  2 metres  can  slide 
vertically  for  adjustment.  The  base  of  the  trolley  supports  the  interrogator,  battery  paok  and  monitoring 
equipment.  Polar  diagrams  measured  with  this  equipment  are  given  in  figures  14»  15 » 16  and  17  and  are  dis- 
cussed in  the  text  in  section  5« 
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APPETOIX  2 


Sinoe,  at  L band,  the  airfield  surface  may  be  assumed  to  be  a naooth  ref looting  surface  at  low  grazing 
angles  it  is  possible  to  estimate  the  effeots  of  the  ground  reflection  using  simple  image  theoryi 

Figure  20  shows  the  geometry  of  the  direot  and  refleotlng  paths  between  two  antennas  heights  h and  h_  above 
a reflecting  ground  plans,  apaoed  by  a distance  d 12 

By  simple  geometry 

Direct  path  - J<?  + (h1  - hj)2 

Reflecting  path  • ♦ (h^  + hg)^ 

Path  difference.  A.  - /d2  + (h1  -t-  hg)2  - /d2  ♦ (h1  - h2)2 

A ^2 

A “ — 5 — providing  d^*!^  + ^ 

For  vertical  polarisation,  the  phase  shift  j6  between  reflected  and  direot  signals  . Tf  + 

(fixed  term Tr comes  from  180°  phase  shift  of  reflected  signal  at  low  grazing  angles  (^10°  at  L band)) 

Hence  (2) 


Figure  21  shows  the  veotor  relationship  between  the  direot  and  reflected  slgnalsi 
V2  - E2  (l  + < ooe  >l)2  + E2  * 2 sin2  f> 


- E2  (1  +€2  ♦ 2 e ooe 

- B2  (l  + 9?  * 2 « 00s 


PL 


Whan  direct  and  reflected  signals  are  in  phase 
Vmax  • E(l  + <) 

When  direct  and  reflected  signals  are  in  antiphase 


Vmin  - E(l  - O 


Vmax2 

Vmin2 


Power  max  Vmax2 

Po«r  min  “ ^2  “ \l  - «/ 

Pmax  - Pmlnj  ^ - 20  log  ^ 1'^ 


Henoe  by  varying  the  interrogator  antenna  height  (h^ ) and  measuring  the  ma-Hm'm  and  min-tmim  powers  needed 
to  trigger  a transponder  distant  d with  aerial  height  it  is  possible  to  obtain  an  estimate  of  the  aver- 
age reflection  coefficient  (assumed  oonstant  over  the  range  of  grazing  angles  used). 

The  results  of  such  an  experiment  are  given  in  figure  22.  The  1010  MHz  interrogator  antenna  height  h« 
was  slowly  reduoed  from  4 metres  to  1 metre  and  measurements  were  made  of  the  minimum  interrogator  power 
needed  to  trigger  a transponder  with  its  antenna  height  ho  fixed  at  4 metres  and  with  100  metres  spaoing 
between  the  antennas.  The  measured  points  oan  be  ooap&red  with  the  theoretical  curve  (plotted  from 
equation  3)  for  reflection  coefficient  ( - 0.75* 


The  grazing  angle 


- tan-1  *1  * **2 
d 


Henoe  for  signal  minimum 4.6° 
marl  Mm  3.40. 

At  much  shallower  grazing  angles  it  may  be  assumed  that?.— * 1 (d^XOOm,  h2  - 2m,  h^^l&o,  X-  0.291m). 

Using  this  assumption  figure  23  shows  theoretical  and  measured  interrogation  powers  needed  to  trigger  a 
transponder  at  range  d metres.  Inverse  square  law  propagation  is  assumed  and  the  actual  powers  used  are 
therefore  range  corrected. 

It  is  seen  that  the  16  metre  antenna  gives  muoh  better  coverage  at  long  range  (=»£50  metres),  whereas 
the  4 metre  antenna  gives  optimum  coverage  olosar  than  250  metres  where  the  nulls  of  ths  16  metre  antenna 
pattern  ooour. 

The  rata  of  decline  of  signal  power  for  the  4 metre  antenna  height  is  higher  than  theoretioally 
predicted.  This  Is  beoeuse  the  site  is  not  in  foot,  flat  but  slightly  dome  shaped  which  means  that  the 
effective  antenna  heights  are  reduced  at  range. 


APPENDIX  3 


THE  EFFECTS  OF  TRANSPONDER  ?i/Pj  ACCEPTANCE  TOLERANCE  ON  LANE  SID7H 

ICAO  specification  limits  exist  which  define  the  P^^  aooeptanoe  toleranoe  for  airorsft  transponders. 
These  arei 

Transponder  must  reply  if  P^/Pj  spaoing  is  within  Nonaal  Mode  ♦ 0.2/useo. 

Transponder  may  reply  if  P^/P^  spaoing  is  within  Nonaal  Mode  ♦ I.OyUseo. 

Transponder  must  not  reply  if  P^/P^  spacing  is  outside  Normal  Mode  + I.Oyusec. 

Figure  24  shows  these  limits  for  a mode  i/k  interrogation  and  indicates  that  a typioal  commercial 
transponder  euoh  as  the  Coeeor  1500  will  respond  only  over  the  range  7.5  to  8.5yUseo. 

Figure  25  shows  the  effeot  of  transponder  P^/Pi  toleranoe  limits  on  lane  width  for  both  a typical  and 
a worst  oase  transponder.  For  the  typioal  transponder  the  lane  width  is  150  metres  and  for  the  worst  case 
transponder  the  lane  width  is  300  metres. 


DISCUSSION 


Y BRAULT: 

H N GRIFFITHS: 
P BRADSELL: 

H N GRIFFITHS: 


Avcz  vous  l'lntention  d'utlllser  a systeme  pour  le  guldage  des  avlons  en  Cat  3 aur 
le  plates? 

Ground  movement  Identification  would  be  exceptionally  useful  In  category  3 con- 
ditions, but  would  also  be  valuable  In  congested  traffic  conditions. 

Has  there  been  any  sign  of  malfunction,  during  the  trials,  caused  by  local  SSR 
interrogators  operating  In  the  normal  surveillance  mode? 

On  the  trial  site  at  Pershore,  little  Interference  was  experienced  since  the 
nearest  Interrogator  Is  more  than  20  miles  away.  At  Heathrow,  on  the  other  hand, 
Interrogations  and  sldelobe  suppression  from  the  local  secondary  radar  make  It 
essential  that  the  ground  movement  Interrogations  be  synchronised  with  the  S00 
microsecond  dead  time  of  the  local  airfield  SSR. 
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SUMMARY 


An  all  solid  state  low  power  X-band  raoar  for  wind  profile  determination  in  the 
lower  atmosphere  is  described.  Measurements  of  wind  velocity  and  direction  are  made  by 
tracking  a balloon-borne  corner-reflector. 

Angle  tracking  is  performed  manually  with  the  aid  of  the  angle  error  signal  which 
is  presented  on  a liquid  crystal  display. 

A Gunn  oscillatpr/Impatt  amplifier  combination  gives  a 1 - 2 W output  which  is 
biphase  modulated  using  Barker  and  modified  Barker  codes.  A maximum  range  of  10  km  is 
achieved  using  four  range  zones  with  pulse  lengths  from  0.28  to  47  us.  A correlation 
receiver  with  double  IF  is  used,  the  active  demodulation  being  performed  in  the  second 
mixer.  Video  integration  is  performed  digitally  by  a microcomputer  which  also  guides 
target  acquisition  and  range  tracking. 

The  microcomputer  samples  range,  angle  and  angle  error  information  and  calculates 
wind  speed  and  direction,  which  is  presented  in  height  zones  according  to  NATO-standard 
format. 


1.  INTRODUCTION 

This  paper  presents  an  all  solid  state  X-band  radar  for  wind  profile  determination 
in  the  lower  atmosphere.  The  radar  is  being  developed  as  part  of  a meteorological 
observation  and  data  processing  system  for  the  Norwegian  field  artillery. 

A number  of  different  techniques  have  been  employed  for  wind  profile  determination. 
However,  only  radio  frequency  based  systems  have  the  necessary  all-weather  capability 
when  range  requirements  exceed  1 km.  Furthermore,  in  order  to  minimize  total  costs  a 
radar  sys-tem  with  a passive  device  for  wind  tracing,  such  as  a balloon-borne  corner- 
reflector,  is  the  most  appropriate  solution.  Military  systems  of  this  kind  include  the 
AMET-system  in  the  United  Kingdom  and  the  French  SIROCCO. 

Basic  field  artillery  requirements  for  a meteorological  observation  system  are 
determined  by  two  factors: 

- The  scale  and  frequency  of  variations  in  the  meteorological  fields. 

The  deployment  pattern,  engagement  distances  and  mobility  requirements  in 
tactical  field  artillery  operations. 

A careful  analysis  based  on  these  factors  gave  the  initial  terms  of  reference 
which  defined  a short  range  (10  km)  system  suited  for  small  unit  operations.  This 
implies  a limited  physical  size  and  a minimum  personnel  requirement.  Technologically 
this  favours  an  all  solid  state  system  which  is  advantageous  from  a ruggedness  and 
reliability  point  of  view,  and  offers  an  improvement  against  detection  by  enemy  search 
receivers  as  compared  to  a conventional  radar. 

In  order  to  confine  costs,  however,  only  fairly  well  established  technology  has 
been  utilized,  and  although  some  interesting  features  have  been  included  it  is  the 
system  as  a whole  which  represents  something  new, 

2.  GENERAL  SYSTEM  DESCRIPTION 

To  keep  within  the  framework  outlined  in  the  introduction  an  X-band  manually 
operated  conical-scan  tracking  radar  has  been  designed.  The  main  specifications  are 
given  in  Table  1. 
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Antenna 


Transmitter 


Receiver 


Range  tracker 


Estimated  radar 
performance 


Estimated  system 
performance 


diameter 

3 dB  beamwidth 

gain 

conical  scan  rate 


75  cm 
2.8° 
34  dB 
83  Hz 


frequency 
peak  power 
pulse  widths 
prf 


9.575  GHz 
1-2  W 

0.28,  4,  25  and  47  us 
6000  pps 


noise  factor 
1st  IF 
2nd  IF 


7 dB 
140  MHz 
10.7  MHz 


maximum  range 
minimum  range 
acquisition  gate 


10  km 
200  m 
300  m 


angle  accuracy  (rms) 
range  accuracy  (rms) 


< 0.4° 

< 10  m 


. . . ( < 0. 5 m/s, 

zone  wind  speed  accuracy,  ov  : \<  o 1 . v 

zone  wind  direction  accuracy,  a0s  < 30 


v < 5 m/s 
v > 5 m/s 


Table  1 Spesifications 


Two  extra  features  are  being  added  as  options. 


Option  1 is  automatic  tracking  with  manual  or  semi-automatic  target 
acquisition. 


Option  2 is  a 1 m diameter  monopulse  antenna  with  a time-multiplexed  single 
channel  receiver. 


Although  performance  is  improved  with  the  addition  of  these  options  cost  and  size 
limitations  prevent  them  from  being  part  of  the  standard  system. 

The  overall  system  can  be  described  with  reference  to  Table  1 and  Figure  1 and  2. 

The  antenna  is  a 75  cm  diameter  parabolic  reflector  with  Cassegrain  optics.  A 
tilted  subreflector  rotating  with  5000  rpm  gives  the  conical  scan  movement,  A cabinet 
immediately  behind  the  main  reflector  contains  the  transmitter,  receiver  and  signal- 
processor.  The  elevation  over  azimuth  suspension  is  dynamically  damped  for  smooth 
operation. 

Angle  tracking  is  performed  manually.  In  the  initial  search  or  acquisition  mode 

the  operator  is  aided  by  a ring  sight  and  in  the  track  mode  by  using  the  conical  scan 

error  signal  which  is  presented  in  a 15*15  cm2  liquid  crystal  display.  Target  acquisition 
in  range  and  range  tracking  is  performed  automatically  by  a microcomputer. 

The  microcomputer  executes  a number  of  signal  processing,  data  processing  and 
control  functions  and  plays  a central  part  in  the  system.  This  gives  a very  desirable 
flexibility  in  the  development  process  and  facilitates  the  implementation  of  special 
customer  options  at  a later  stage. 

The  microcomputer  guides  and  controls  communication  with  the  operator  through  the 
control  panel  and  the  display.  It  also  runs  automatic  hardware  and  software  test 
programs  and  has  available  a simulation  program  for  operator  training.  During 
measurements  it  does  the  necessary  sampling  of  information,  smoothing  and  numerical 

calculations  in  order  to  provide  a standard  weather  message  according  to  STANAG  4082  to 

a height  of  at  least  2 km.  This  message  can  be  linearly  extrapolated  to  a height  of 
10  km. 


In  order  to  attain  the  desired  10  km  maximum  range  with  a low  power  transmitter 
and  a 70  m2  average  target  radar  cross  section  a step-wise  range  dependent  pulse 
compression  system  with  active  detection  has  been  introduced.  Four  range  zones  are  used, 
the  corresponding  binary  codes  and  code  lengths  are  shown  in  Table  2. 


Zone  no 

Range  (m) 

Code 

Length  (it  s 0.28  us) 

I 

100-800 

Single  pulse 

1 

II 

700-4400 

Barker 

13 

III 

4300-7900 

Barker* Barker 

7*13 

IV 

7800-10000 

Barker* Barker 

13*13 

Table  2 Range  zones  with  corresponding  codes  and 
c,o^  ,1-sng^hs 
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I 
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Disregarding  processing  loss  the  relative  signal  to  noise  ratios  are  shown  in 
Figure  3.  With  a 6000  pps  p.r.f.  the  maximum  duty  cycle  is  0.28  in  zone  IV.  In  order 

to  provide  a more  graceful  degradation  under  adverse  conditions  a higher  p.r.f.  may  be 

introduced  for  the  nearer  range  zones. 

2.1,  Transmitter  • 

Figure  4 shows  a block  diagram  of  the  transmitter.  The  140  MHz  IF-signal  is 
converted  to  9.575  GHz  in  an  upper  sideband  varactor  upconverter  driven  by  a 9.435  GHz 
Gunn  oscillator.  The  signal  at  9.575  GHz  is  amplified  in  a two  stage  Impatt  amplifier 
before  passing  the  T/R-switch. 

The  IF  part  consists  of  a crystal  controlled  140  MHz  oscillator,  a biphase 
modulator  and  an  amplifier  with  two  built-in  switches  giving  55  dB  isolation  each.  The 
oscillator  is  also  used  as  basis  for  generation  of  the  second  local  oscillator  signal 
in  the  receiver.  Adequate  phase  and  amplitude  linearity  in  the  upconverter  and  Impatt 

amplifier  makes  modulation  possible  at  IF  with  a negligible  contribution  to  the 

processing  loss.  The  two  switches  in  addition  to  the  T/R-switch  provide  the  necessary 
isolation  between  transmitter  and  receiver.  By  placing  both  the  modulation  and  most  of 
the  isolation  in  the  IF-part  the  functions  can  be  realized  with  relatively  simple  and 
inexpensive  components  and  losses  are  less  important  than  in  the  SHF-part. 

The  pump  source  is  a 0,5  W free  running  Gunn  oscillator.  In  a copper  waveguide 
structure  it  has  a 0,3  MHz/°C  temperature  drift  in  the  range  from  -40°C  to  +60°C.  The 
Gunn  oscillator  is  isolated  from  the  rest  of  the  system  to  prevent  frequency  pulling 
when  the  system  switches  from  transmit  to  receive.  This  is  necessary  because  the 
oscillator  also  acts  as  first  local  oscillator  in  the  receiver.  Requiring  less  than 
1 dB  loss  in  the  compressed  pulse  the  change  in  frequency  f^  between  the  transmitted 
signal  and  the  reference  signal  is  limited  by 

fd  T < 0.25 

where  T is  the  transmitted  pulselength.  For  T = 50  us  this  becomes 

fd  < 5 kHz 

This  also  includes  the  FM-noise  contribution  which,  however,  is  negligible. 

The  bandstop-f ilter  prevents  spurious  frequencies,  primarily  the  second  harmonic, 
from  the  upconverter  from  entering  the  rest  of  the  system  while  the  bandpass-filter 
after  the  circulator  selects  the  upper  sideband. 

The  Impatt  amplifier  is  made  as  a two-stage  circulator  coupled  coaxial  structure. 
Double  drift  HP-5082-0610  and  0611  Si  diodes  are  used  with  maximum  oscillator  powers  of 
1.4  W and  2.3  W respectively.  This  gives  a ATj  = 200°C  temperature  rise  at  the  junction 
which  limits  the  ambient  temperature  to  S0°C  in  order  to  comply  with  a maximum  junction 
temperature  of  250°C.  Reducing  ATj  to  150°C  reduces  the  maximum  oscillator  powers 
correspondingly  to  1.1  W and  1.6  W. 

With  the  given  drive  level  it  is  possible  with  the  HP-5082-0611  to  achieve  a 
10  dB  gain  in  one  stage  with  a 0.5  dB  gain  variation  from  -40°C  to  +60°C  at  a fixed 
frequency.  In  order  to  achieve  a 2 W output,  however,  two  stages  are  necessary  and  the 
HP5082-0610  is  used  in  the  first  stage. 

2.2.  Receiver 

A block  diagram  of  the  receiver  is  shown  in  Figure  5a. 

It  is  an  active  receiver  designed  as  a double  superheterodyne  system  with  a first 
IF  at  140  MHz  and  a second  IF  at  10.7  MHz.  This  gives  several  advantages: 

- The  Gunn  oscillator  temperature  stability  requirement  is  reduced  and  filters 
simplified. 

- Since  the  phase  of  the  received  signal  is  unknown  the  otherwise  necessary  in- 
phase  and  quadrature  channels  are  avoided. 

With  an  IF  at  10.7  MHz  the  basic  pulsewidth  At  is  chosen  according  to 

3/At  * 10.7  MHz 

which  gives  a null  in  the  Barker  code  frequency  spectra  at  10.7  MHz.  From  this 

At  -r-0.28  us  and  the  range  resolution  AR  = 42  m.  Together  with  the  antenna  characteristics 

this  now  defines  the  clutter  performance.  The  three  main  clutter  problems  are  due  to 

- rainclutter,  time  sidelobe  contributions 

- landclutter,  short  range  main  lobe  contributions 

- landclutter,  sidelobe  contributions. 
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The  system  is  designed  to  stand  4 m-n/hour  uniform  gain  which  in  Norway  corresponds 
to  a fallout  probability  of  less  than  0,1%.  Using  Nathansons  (,1)  value  for  the 
reflectivity,  n = 6.3  • 10-7  m2/m3,  it  can  be  shown  by  integrating  the  clutter  contribution 
in  accordance  with  the  ambiguity  function,  that  the  worst  case  at  maximum  range  gives  a 
signal  to  clutter  ratio  > 10  dB. 

In  the  acquisition  phase  the  elevation  angle  is  low  and  the  main  beam  touches  the 
ground.  Assuming  a backscattering  coefficient  o0  = 0.01  m2/m2  as  cited  in  Nathanson  for 
Swedish  countryside  the  worst  signal  to  clutter  ratio  in  zone  I becomes  » P dB.  This  is 
rather  marginal  considering  normal  fluctuations  in  target  and  clutter  cross  sections  and 
is  the  reason  for  using  visually  aided  acquisition. 

The  importance  of  sidelobe  clutter  has  been  estimated  from  Nathansons  high  clutter 
data  which  are  approximated  with  a log-log-distribution  and  from  the  antenna  E and  H- 
plane  diagrams  which  are  extrapolated  to  cover  intermediate  values.  Using  a balloon 
rate  of  ascent  = 5 m/s  and  limiting  the  measurement  to  heights  < 2000  m the  probability 
of  obtaining  a signal  to  clutter  ratio  < 1 has  been  calculated  for  different  wind 
velocities.  For  high  velocities,  » 30  m/s,  the  probability  approaches  0.15  which  is 
marginal  for  proper  operation  but  acceptable  when  compared  with  the  probability  of 
occurrence  for  such  conditions. 

Referring  to  Figure  5a  and  5b  the  receiver  mode  of  operation  is  descrived  by 
showing  how  an  rf-pulse  modulated  with  the  code  A (+-)  is  handled. 

The  SHF-signal  B passes  the  T/R-switch  before  it  reaches  the  first  mixer  and  is 
converted  down  to  140  MHz.  The  main  amplifier  includes  a computer  controlled  AGC- 
function.  Since  the  bandwidth  is  limited  the  signal  C has  finite  rise  and  fall-times. 

The  second  LO-signal  at  129.3  MHz  is  derived  from  the  140  MHz  and  10.7  MHz 
oscillators  and  passed  through  a switch  which  is  open  only  when  the  arrival  of  a target 
return  signal  C is  expected.  The  oscillator  signal  D is  biphase  modulated  with  the 
code  A giving  the  reference  signal  E which  is  mixed  with  the  signal  C in  the  second 
mixer.  This  mixing  converts  the  signal  to  second  IF  and  removes  the  phasemodulation. 

The  resulting  rf-pulse  F goes  through  a filter  matched  to  the  original  pulse  length. 

Thus  in  principle  four  filters  with  corresponding  envelope  detectors  are  necessary,  but 
only  around  1 dB  is  lost  in  zone  III  by  using  the  zone  IV  filter  for  both  zones.  The 
video  pulse  H is  now  sampled  at  its  peak  value.  This  completes  the  pulse  compression. 
After  A/D  conversion  the  signal  is  fed  to  the  microcomputer  for  further  processing. 

The  signal  is  also  lowpass  filtered  and  fed  to  a phase  sensitive  detector 
together  with  the  two  90°  out  of  phase  subreflector  encoder  signals.  This  gives  the 
error  signals  in  azimuth  and  elevation  which  are  fed  to  the  computer.  The  signals  are 
retransmitted  to  the  radar  display  and  also  used  to  correct  the  angle  information. 

2.3.  Signal  Processor  and  Display 

The  signal  processor  can  be  described  with  reference  to  Figure  6.  Tt  consists  of 
a microcomputer  and  a radar/computer  interface.  The  computer  is  based  or  a fast, 

(clock  frequency  > 3 MHz)  and  powerful  16  bit  microprosessor , MIPROC,  using  a 4 K program 
memory  and  a 2 K data  memory. 

The  control  logic  administers  all  data  transport  between  radar  and  computer. 

Basicly  it  consists  of  an  8 bit  programmable  sequencer  and  a family  of  clocks  all 
deduced  from  a fundamental  frequency  of  21,4  MHz.  The  sequencer  cycle  time  is  equal  to 
the  basic  pulse  width  0,28  us.  It  may  be  considered  as  a simple  computer  which  performs 
only  two  instructions,  execute  and  conditional  jump,  and  runs  independently  after  being 
initiated  by  MIPROC.  Thus  by  doing  the  necessary  code  selection  and  switching  the 
sequencer  keeps  the  radar  in  formal  operation,  transmitting  and  receiving  pulses,  The 
main  computer  is  essential,  however,  in  interpreting  the  received  signals. 

Two  different  modes  are  used.  In  the  search  or  acquisition  mode  angle  search  is 
done  visually  while  an  automatic  search  in  range  is  made  within  a window  determined  from 
crude  initial  values  of  release  position  and  ground  wind  data.  A modified  distribution 
free  detection  algorithm  has  been  implemented. 

When  the  search  routine  accepts  a target  the  operator  is  informed  and  he  has  to 
decide  when  to  switch  to  the  track  mode.  In  the  track  mode  the  target  range  is  known 
and  the  target  motion  is  estimated  using  a split  gate  tracking  technique  with  a 7 m step 
length.  By  using  every  second  pulse  in  the  early-gate  and  the  intermediate  pulses  in 
the  late-gate  quasi-simultaneous  ranging  is  achieved.  This  is  important  when  considering 
target  fluctuations. 

Angle  error  information  is  presented  in  a 15*15  matrix  liquid  crystal  display 
which  gives  a 3*3°  field  of  view  equivalent  to  0.2°  resolution.  The  display  utilizes 
the  dynamical  scattering  principle  which  gives  a 20:1  contrast.  By  switching  to  a 
twisted  nematic  design  an  even  better  daylight  performance  can  be  achieved  with  a 80:1 
contrast . 

In  the  track  mode  range,  elevation,  azimuth,  and  the  angle  errors  are  sampled 
every  second  and  transferred  to  the  data  processing  routine.  Together  with  information 
about  temperature,  pressure,  and  various  other  parameters  this  is  the  basis  for 
calculating  a NATO  standard  weather  message  complying  with  STANAG  4082. 
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As  mentioned  in  the  general  description  the  availability  of  a computer  also  makes 
possible  some  extra  features: 

- An  automatic  hardware  and  software  test  .program  which  checks  key  functions  and 
informs  the  operator. 

- A tracking  simulator  which  enables  an  operator  to  track  fictitious  balloons 
launched  by  the  computer  and  have  his  tracking  performance  evaluated. 

3.  CONCLUSION 

An  all  solid  state  low  power  tracking  radar  has  been  designed  for  a limited  range, 
wind  measurement  system.  By  introducing  a microcomputer  based  signal  processor  a 
flexible  custom-oriented  system  has  been  achieved.  A careful  choice  of  technology  has 
given  a rugged  system  in  compliance  with  military  requirements'. 

The  standard  system  presupposes  manually  assisted  target  acquisition  and  tracking 
and  gives  an  estimated  zone  wind  accuracy  which  except  for  small  wind  speeds  is  limited 
by  turbulence  only.  This  contribution,  however,  cannot  be  removed. 

3.1.  References 

NATHANSON,  F.E.,  1969,  "Radar  Design  Principles",  McGraw  Hill 
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DISCUSSION 


J F WALKER: 
G ROSENBERG: 


J D HAINES: 


G ROSENBERG: 


G COLLOT: 


G ROSENBERG: 


Can  you  Call  us  more  about  the  microprocessor? 

The  MIPROC,  developed  originally  by  NDRE,  la  now  being  manufactured  by  the 
Norwegian  company  Akajeselskapel  Mlkroelektronlk,  Horten,  Norway;  and  by  Plessey 
In  the  UK.  Two  versions  are  available,  one  PC  board-DIP  version  and  a more 
compact  hybrid  Integrated  version. 

Would  you  like  to  consent  on  your  choice  of  bl-phase  coding  rather  than,  for 
example,  linear  FM? 

We  found  bl-phase  coding  to  be  a more  flexible  solution  for  a tracking  radar  and 
an  advantage  In  the  development  stage. 

You  have  revealed  that  you  are  able  to  produce  a NATO  standard  weather  message, 
but  the  system  Is  voluntarily  limited  to  10  Km  In  slant  range.  Why  have  the 
Norwegian  forces  developed  this  system  with  such  a limited  range? 

Although  the  minimum  height  Is  2 Km,  normal  heights  will  be  > 5 Km  which  Is 
sufficient  for  the  trajectory  heights  reached  by  light  and  medium  field  artillery. 
Furthermore,  from  these  heights,  sufficiently  good  extrapolations  can  be  made  to 
fill  In  the  missing  lines  In  the  weather  massage. 
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14  Abstract 


This  publication  comprises  the  proceedings  of  a Symposium  on  New  Devices,  Techniques 
and  Systems  in  Radar  held  in  The  Hague,  Netherlands  in  June  1976  by  the  Avionics  Panel 
of  AGARD. 

The  objective  was  to  review  the  influence  on  radar  systems  of  new  devices  and  techniques, 
improvements  in  fundamental  knowledge  and  better  methods  of  performance  prediction. 

The  papers  and  discussion  are  grouped  under  the  following  headings;  Devices  and  Modules; 
Radar  Techniques;  Targets,  Gutter  and  Propagation;  Simulation  and  Detection  Theory; 
and  New  Systems  and  Concepts. 

The  technologies  of  antennas  and  displays  were  not  emphasised  as  these  topics  had  been 
covered  by  AGARD  Symposia  in  1972  and  1975  respectively. 
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DISCUSSION 


J F WALKER:  Can  you  tall  ua  more  about  the  mlcroproceaaor? 

G ROSENBERG:  The  MIPROC,  developed  originally  by  NDRE,  la  now  being  manufactured  by  the 

Norwegian  company  Akajeaelakapel  Mlkroalektronlk,  Horten,  Norway;  and  by  Pleaaey 
In  the  UK.  Two  veralona  are  available,  one  PC  board-DIP  veralon  and  a more 
compact  hybrid  Integrated  veralon. 

J D HAINES:  Would  you  like  to  coamient  on  your  choice  of  bl-phaae  coding  rather  than,  for 

example,  linear  FM? 

G ROSENBERG:  We  found  bl-phaae  coding  to  be  a more  flexible  aolutlon  for  a tracking  radar  and 

an  advantage  In  the  development  atage. 

G COLLOT:  You  have  revealed  that  you  are  able  to  produce  a NATO  atandard  weather  meaeage, 

but  the  ayatem  la  voluntarily  limited  to  10  Km  In  alant  range.  Why  have  the 
Norwegian  forcea  daveloped  this  ayatem  with  auch  a limited  range? 

G ROSENBERG:  Although  the  minimum  height  la  2 Km,  normal  helghta  will  be  > 5 Km  which  la 

aufflclant  for  the  trajectory  helghta  reached  by  light  and  medium  field  artillery. 
Furthermore,  from  theae  helghta,  aufflclently  good  axtrapolatlona  can  ba  made  to 
fill  In  the  mlaalng  lines  In  the  weather  measage. 
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The  objective  was  to  review  the  influence  on  radar  The  objective  was  to  review  the  influence  on  radar 

systems  of  new  devices  and  techniques,  improvements  systems  of  new  devices  and  techniques,  improvements 

in  fundamental  knowledge  and  better  methods  of  in  fundamental  knowledge  and  better  methods  of 

performance  prediction.  performance  prediction. 
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